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Water balance modelling
Water Balance Modelling: 
Concepts and Applications
Lu Zhang,* Glen R. Walker† and Warrick R. Dawes*
Abstract
Many environmental problems are caused by changes in aspects of the hydrological cycle. Water balance model-
ling combined with field experiments can give us a better understanding of the components of the hydrological
cycle from which to develop appropriate management options. Water balance models can be constructed at any
level of complexity. In simple ‘bucket’ models only the most important processes are represented. When appro-
priately used, bucket models can provide useful insights into the functional behaviour of a system. Complex
models are needed to understand complex feedbacks and interactions among different processes of the system.
However, increasing the complexity of a model does not necessarily lead to a more accurate model and it is
essential that model complexity matches the availability of data. The key to successful water balance modelling is
to have a clearly defined objective and to select an appropriate model. This chapter outlines the principles of
water balance modelling and explains how models can be used in crop management. 
* CSIRO Land and Water, PO Box 1666, Canberra, ACT 2601, Australia. Email: lu.zhang@csiro.au
† CSIRO Land and Water, Adelaide, SA 5064, Australia.
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Water balance modelling
THE MOVEMENT of water through the continuum of 
the soil, vegetation and atmosphere is an important 
process central to energy, carbon and solute 
balances. The system is integrated, so changes in 
one part of the system will affect the others and we 
need to consider the dynamic interactions and 
feedback between the processes.
Most current environmental problems arise from 
tampering with one, or a few, aspects of the system 
with no understanding of the function of the system 
as a whole. In Australia, much environmental 
degradation, including salinisation, is associated 
with changes in the near-surface water balance 
induced by massive clearing of native vegetation. 
These changes have led to significant increases in 
groundwater recharge, which in turn have led to 
rising watertables and salinisation. In contrast, the 
groundwater tables on the North China Plain 
(NCP) have declined significantly due to overuse of 
groundwater for irrigation. This presents a serious 
problem for sustainable agricultural development 
in the region because there is no reliable surface 
water for irrigation.
Field techniques alone cannot identify optimal or 
appropriate land use, because changes occur over a 
large area and a long time. Also, field experiments 
are expensive and only a limited number of land-use 
options can be trialled. For similar reasons, there is a 
limit to the range of soils and catchments that can be 
used for field trials. One way to overcome the 
problem is to combine field experiments with water 
balance modelling. Modelling takes account of 
climate variability because it can be used to 
objectively analyse climatic data and to extrapolate 
results from short-term field trials over periods of 
many years. It can also provide an insight into 
feedbacks and linkages, and help set priorities for 
field experimentation and data collection.
This chapter deals with the concepts of surface water 
balance modelling and the processes involved. It 
briefly describes the WAVES (water, atmosphere, 
vegetation, energy, soil) model and its application to 
the NCP and the Australian Mallee region.
Understanding the 
Hydrological Cycle
The natural occurrence of water circulation near the 
surface of the Earth, the hydrological cycle, is 
illustrated in Figure 1. Radiant energy from the sun 
is the driving force of the cycle, which is generally 
considered to begin with the evaporation of water 
from oceans. The resulting water vapour is 
transported to the atmosphere, where, with 
favourable conditions, it may produce 
precipitation. Precipitation may:
• be intercepted by vegetation and evaporated 
directly back to the atmosphere; 
• infiltrate the soil and evaporate from the soil 
surface or be transpired by vegetation; 
• become surface runoff; or 
• drain through the soil to form groundwater 
recharge.
Vegetation influences the hydrological cycle 
through the exchange of energy, water, carbon and 
other substances and is therefore critical for many 
hydrological processes, in particular transpiration, 
infiltration and runoff. The land phase of the 
hydrological cycle is of particular interest to those 
studying the problem of deep drainage.
The movement of water through the hydrological 
cycle varies significantly in both time and space. 
Australia, the driest continent, has the highest 
variability in rainfall and runoff and is therefore a 
difficult system to model. Torrential rains can flood 
even the driest part of the continent, while in 
adjacent areas the story may be very different. The 
hydrological cycle emphasises the four phases of 
interest to hydrologists: precipitation, 
evapotranspiration, surface runoff and 
groundwater. However, in the context of dryland 
salinity and recharge control, it is also important to 33
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determine deep drainage and changes in soil water 
storage. In addition, there can be different 
relationships between surface water and 
groundwater. For example, a stream or stream 
reach can receive groundwater as baseflow or 
discharge to groundwater. Understanding these 
relationships can help us to estimate catchment-
scale water balance.
Figure 2 shows the three components of the runoff 
from a catchment: 
• surface runoff or overland flow (Q1)
• subsurface runoff or interflow (Q2)
• groundwater runoff or baseflow (Q3).
Surface runoff or overland flow is the water that 
travels over the surface of the ground towards the 
stream channel. It can be generated by two 
mechanisms: infiltration excess runoff (Hortonian 
overland flow) and saturation excess runoff (Dune 
and Black overland flow) (Freeze 1974). Infiltration 
excess runoff often occurs from patches where soils 
become saturated at the surface. This happens when 
rainfall intensity exceeds the infiltration capacity of 
the soils. Hortonian overland flow is an important 
runoff mechanism in arid and semiarid regions, 
where rainfalls tend to be intensive and surface 
infiltration rates low. Saturation excess runoff is 
generated by rainfall on areas where the soil is 
already saturated from below. This mechanism of 
surface runoff generation occurs primarily on the 
lower slopes of the catchment and along valley 
bottoms adjacent to stream channels.
Subsurface runoff or interflow represents that 
portion of infiltrated rainfall that moves laterally 
through the upper soil layers until it reaches the 
stream channel. Subsurface runoff moves more 
slowly than surface runoff. The proportion of total 
runoff that occurs as subsurface runoff or interflow 





















Figure 2.  Runoff components.34
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physical characteristics of the catchment. A thin soil 
layer overlying more impermeable soil layers tends 
to promote subsurface runoff or interflow, whereas 
uniformly permeable soil encourages downward 
movement of infiltrated rainfall.
Subsurface runoff has always been a popular 
concept amongst forest hydrologists—indeed 
amongst humid temperate hydrologists generally. 
Dunne (1978) termed it subsurface stormflow and 
used physical models and hydrograph data to show 
that, even on small catchments, this flow peaked 
some hours, or even days, after the cessation of 
rainfall. The real problem is how to model water 
movement laterally through the soil on hillslopes 
down to the streamline in real soils. Because this 
principally occurs in forest with deep litter layers, it 
has been suggested that most water moves through 
this litter (see Dunne 1983). However, Beven (1981) 
has suggested that in fact extensive exfiltration at 
low rates can create a very shallow flow moving at 
reasonable speed that meets the time requirements. 
This is particularly the case where topographic 
convergence concentrates both the subsurface and 
exfiltrated water.
Thus, in sloping situations, particularly if there is a 
reduction in permeability with depth, lateral flow 
can develop in both the litter layer and the upper 
soil zone. Water then flows laterally downslope, 
mostly in a temporarily saturated zone, giving rise 
to the streamflow element termed interflow or 
intermediate response flow. The flow emerges in 
lower parts of the landscape or in the banks of 
channels and streams to contribute to the 
streamflow as interflow.
Groundwater runoff, or baseflow, is that portion of 
infiltrated rainfall that reaches watertables and then 
discharges into streams. It responds much more 
slowly to rainfall and does not fluctuate rapidly. It 
represents the drainage of water to the streamline 
from the regional or deep groundwater, or both. A 
minimum catchment area is often needed for such a 
response to be evident or for the regional 
groundwater surface to reach the stream incision 
level. Where we have seasonal rainfall we find that 
there is virtually an annual hydrograph of baseflow, 
with levels building up and peaking towards the end 
of the wet season. If the total outflow is low, then the 
baseflow may be intermittent or seasonal.
It should be clear that the distinctions between the 
three components of total runoff are arbitrary. 
These components can occur separately or 
simultaneously with varying magnitudes, 
depending on a combination of climatic and 
physical conditions of the catchment.
Water Balance
Water balance is based on the law of conservation of 
mass: any change in the water content of a given soil 
volume during a specified period must equal the 
difference between the amount of water added to 
the soil volume and the amount of water withdrawn 
from it. In other words, the water content of the soil 
volume will increase when additional water from 
outside is added by infiltration or capillary rise, and 
decrease when water is withdrawn by 
evapotranspiration or deep drainage. The control 
soil volume for which the water balance is 
computed is often determined arbitrarily. In 
principle, a water balance can be computed for any 
soil volume, ranging from a small sample of soil to 
an entire catchment. For the purpose of recharge 
estimation, it is generally appropriate to consider 
the root zone as the control volume and express the 
water balance per unit area.
Figure 3 depicts the water balance for a root zone. 
The processes represented form a part of the overall 
hydrological cycle (Fig. 1). Much of the rain that 
falls during the first part of a storm is intercepted by 
the canopy and evaporates directly back to the 
atmosphere. Rainfall that reaches the ground may 
either infiltrate the soil or run off. Some of the water 
that infiltrates the soil evaporates directly from the 
soil surface or is transpired by plants; some may be 
stored in the soil profile. Water that moves laterally 35
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across the B horizon of the soil is known as 
subsurface flow; water that moves vertically is 
known as deep drainage. Deep drainage should not 
be confused with infiltration. Infiltration is the 
amount of water that enters the soil; deep drainage 
is the flux of water below the rooting depth.
The root zone water balance is usually expressed as:
∆S = P – I – E – T – RO – DD (1)
where ∆S is the change in root zone soil water 
storage over the time period of interest, P is 
precipitation, I is interception loss, E is direct 
evaporation from the soil surface, T is transpiration 
by plants, RO is surface runoff or overland flow, and 
DD is deep drainage out of the root zone. All 
quantities are expressed in terms of volume of water 
per unit land area or equivalent depth of water over 
the period considered.
The recharge to the groundwater system can be 
calculated as:
R = DD – SSF  (2)
where SSF is the lateral subsurface flow calculated 
according to Darcy’s law (see ‘WAVES’ section 
below).
When the control volume is the entire catchment 
(Fig. 4), the surface water balance equation can be 
expressed as:
∆〈S〉 = 〈P〉 – 〈ET〉 – 〈Q〉 – 〈R〉 (3)
where ∆〈S〉 is the change in spatially averaged 
catchment water storage, 〈P〉 is the spatially 
averaged precipitation, 〈ET〉 is the spatially 
averaged evapotranspiration, 〈Q〉 is the spatially 
averaged catchment surface runoff, and 〈R〉 is the 
spatially averaged catchment recharge. 
The root zone water balance shown in Figure 3 can 
be considered as a plot-sized profile in a catchment, 
as shown in Figure 4. It is tempting to think of the 
catchment as a collection of such plots, with 
recharge estimates from each plot being simply 
added to yield the total recharge for the catchment. 
A few catchments do operate this way, but most 
exhibit complex lateral redistribution of water, so it 
is difficult to estimate catchment scale recharge. 
One should not assume that recharge estimates 
from a plot-scale water balance equal the 
catchment-scale estimates unless thorough 
hydrogeological investigations are undertaken: 
plots and catchments differ in terms of hydrological 
processes, recharge pathways and spatial 
heterogeneity of soil properties.
Evaluation of Water Balance
The root zone water balance presented by equations 
(1) and (2) is the basis of water balance modelling. 
The main advantages of the method are that it uses 
available data (rainfall, runoff) and has a clear 
conceptual basis. It seems simple in principle, but in 
practice it is difficult to measure or estimate each of 
the components. The evaluation of the water 
balance equation requires information about the 



















Figure 3.  Schematic diagram of the water balance for a 
root zone.36
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Precipitation is often the largest term in the water 
balance equation and can be measured directly using 
rain gauges. Interception loss is a complex process 
affected by factors such as rainfall regime and 
canopy characteristics. Interception loss can be 
measured directly in the field or estimated using the 
method of Horton (1919). Soil evaporation is often 
lumped together with plant transpiration as total 
evapotranspiration, which forms the second or third 
largest term in the water balance equation. 
Evapotranspiration can be estimated from 
meteorological and soil moisture data or measured 
directly. In agricultural fields, the amount of surface 
runoff generally is considered negligible. However, 
at catchment scale, runoff may be significant 
compared to the major components of the water 
balance; evaluation of this term can be difficult due 
to different runoff components. The evaluation of 
the storage term depends on the time period over 
which the water balance is computed. On an annual 
basis, the change in water content of the root zone is 
likely to be small in relation to the total water 
balance and can be neglected. Over a shorter period, 
the change in the soil water storage can be significant 
and must be considered. Different techniques such 
as the neutron meter and time domain reflectometry 
(TDR) can be used to measure soil water content. 
Deep drainage is often only a small fraction of the 
precipitation—5% is a typical figure.
Water Balance Modelling
A water balance model can be considered as a 
system of equations designed to represent some 
aspects of the hydrological cycle. Depending on the 
objectives of the study and data availability, 
modelling can have different levels of complexity, 
although the model is a simplification of the real 
world, no matter how complex it may be. A simple 
bucket model may be suitable for some purposes; in 
other cases more complex models may be required. 
It is important to recognise that increasing model 
complexity does not necessarily improve accuracy 
(Walker and Zhang 2001).
Simple bucket models
Conceptualisation of the system is based on our 
understanding of the hydrological cycle and the 
different pathways that water can take within a 
catchment. In the simplest case, the control volume 
(e.g. paddock) is considered as a bucket that is filled 
up by rainfall and emptied by evapotranspiration. 
When the bucket is full, extra water is assumed to 
become deep drainage. The only input data 
required by this model are rainfall, actual 
evapotranspiration estimated from potential 
evapotranspiration and soil water content, and the 
available water storage capacity. An example of 
such a model is shown in Walker and Zhang (2001). 
There are a number of variations to the simple 
bucket model depending on conceptualisation of 
the system and methods for estimating 
evapotranspiration (Walker and Zhang 2001; White 
et al. 2000; Sophocleous 1991; Rowell 1994; Lerner 
et al. 1990; Scotter et al. 1979).
Complex models
More complex models are available that deal with 
soil moisture dynamics—feedback between plant 
growth and soil moisture (Walker and Zhang 2001). 
These models are designed to simulate complex 
interactions within the system, to explore 
sensitivities to different assumptions and to provide 





Figure 4.  Schematic diagram of a catchment. The box 
indicates the control volume shown in Figure 3. 
S = water balance; ET = evapotranspiration; 
P = precipitation; Q = water runoff or water 
ﬂow.37
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Most have been reasonably well documented and 
people can be trained to use the models (Walker 
and Zhang 2001).
However, there are tradeoffs in choosing between 
complex models and the simple bucket models. 
One of the drawbacks in using more complex 
models is that they require more data and more 
time on the part of the user to understand them. 
Using a complex model without understanding its 
general structure, parameter space and input 
variables can cause problems, and interpreting 
results from such a model can be difficult because of 
feedback between processes. There is little point in 
selecting a complex model if sufficient data are not 
available. The key to successful modelling is to have 
very clear objectives, a good understanding of the 
system and a clear identification of appropriate 
representations (i.e. a clear conceptualisation of the 
system and matching of model complexity with 
data availability). Practical issues associated with 
complex models are discussed in detail by Hook et 
al. (1998) and Walker and Zhang (2001).
Matching model complexity with data 
availability
The present array of different water balance models 
exists because model users have different 
applications and purposes, and because of the 
variety in landscapes and climatic conditions. For 
some purposes, very simple single bucket water 
balance models are suitable, but other uses require 
greater functionality—for example, the ability to 
predict plant growth and grain yield. With greater 
functionality comes greater complexity. More 
complex models often require greater effort in 
parameterisation, more computing power, and 
additional work in interpreting results. Perhaps 
more significant is that error propagation can be 
more difficult to understand and detect. When 
selecting a model for a particular application a user 
needs to balance the desired functionality against 
complexity and data requirements. 
The purpose of water balance modelling is generally 
to improve our understanding of the critical 
processes that influence the hydrological cycle and 
to extend knowledge from field or laboratory 
experiments to quantitative predictions for other 
sites and climates. The models are always a 
simplification of the field processes, but they 
attempt to account for the most important factors 
that influence the water balance. Adding 
predictions of less important processes might give 
diminishing returns if the costs in greater model 
complexity start to outweigh the extra value from 
additional functionality. Different models are just 
different balances between functionality and 
complexity; users need to chose a tool with an 
appropriate balance for their particular purpose. In 
general, a good rule of thumb is to avoid 
unnecessary complexity and to achieve a level of 
process detail consistent with the importance of the 
process for the application in question. There is not 
much point in having relatively unimportant 
processes represented in great detail.
In achieving a balance between simplicity and 
complexity, users should be aware of two types of 
modelling errors. The first is ‘systematic error’ 
resulting from simplifying assumptions (for 
example, not considering runoff or macropore 
flow). As we add more processes to the model and 
increase its complexity (see Fig. 5), we generally 
decrease the systematic error. The second type of 
error is ‘calibration error’ and results from our lack 
of knowledge of the parameters that are needed for 
the model. Generally, as complexity increases, there 
is greater risk of parameterisation error increasing. 
There is a need to reach some type of balance. 
However, it is not easy to quantify the systematic 
error, so it is not always easy to define exactly the 
balance between simplicity and complexity. As a 
guiding principle, a relatively simple model is likely 
to be required if there are limited data. The simplest 
model that we can usefully apply is one that 
captures only those factors that are critical to the 
processes that are being investigated.38
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Model parameterisation
With a significant increase in model complexity 
there is generally an increase in the number of 
parameters that are needed. Rainfall and 
evapotranspiration data are often available. The use 
of measured data to parameterise models (direct
estimation) is ideal, but is not always possible. For 
example, detailed measurements of saturated or 
unsaturated hydraulic conductivity are usually not 
available away from research sites. Moreover, we 
often want to infer measurements over large areas. 
Where do we obtain these parameters?
One approach is to use more readily available 
information to estimate the attributes of interest. 
This is known as knowledge-based estimation. For
example, there are predictive relationships between 
soil texture and a range of soil hydraulic properties. 
These can be combined with information on the 
distribution of different soil types to make spatial 
predictions of soil properties. So there is a range of 
methods for predicting well-defined and 
measurable physical parameters. However, some 
models contain process parameters that are artefacts 
of the model and not quantities that can be directly 
measured. Examples of physical parameters include 
water content and saturated hydraulic conductivity; 
process parameters include effective roughness, leaf 
mortality coefficients, or coefficients that control 
the rate of water movement between layers in a 
tipping bucket model. Such process parameters can 
be determined only through model calibration.
Model calibration is the process of inferring input 
parameter values by fitting model outputs to a set of 
detailed measurements. This constitutes the careful 
tuning of a model so that its output matches 
measurements. This should be avoided where 
possible as it is less desirable than either direct 
measurement or knowledge-based estimation. If 
calibration is necessary, the number of parameters 
that are calibrated should be kept to a minimum 
and researchers should ensure that the exercise does 
not result in the model getting the right answers (i.e. 
matching the measured data) for the wrong reasons. 
An incorrect mix of input parameter values might 
enable adequate matching of one set of data but the 
process description might still be inadequate and 
fail completely when applied in another set of 
conditions. Error due to poorly fitted parameters is 
called calibration error. It is desirable in any 
calibration to consider the function of different 
submodels separately, rather than just calibrating 
against integral model outputs such as profile water 
content.
Generally, models are parameterised using a 
combination of direct measurement, knowledge-
based estimation and a minimum of calibration. 
Available data for parameterisation are often at the 
wrong spatial or time scale and sometimes inputs 
are highly correlated. It is important to have a good 
knowledge of the sensitivity of the model outputs to 
the parameterisation data. Then the user will know 
where to put the most effort into parameterisation 
through direct measurement, and will have a better 
understanding of the potential errors in model 
predictions.
Model testing and sensitivity analysis
Model testing is an essential step in any model 
development. In a strict sense, no model can be 
validated. Models are a simplification of reality, so it 
is necessary to build assumptions into the model. 
However, the more consistent a tested model is with 
measured information, the greater the confidence 










Figure 5.  Schematic diagram showing systematic and 
calibration error.39
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model as an educational or explorative tool, it may 
not matter that the parameter values do not match 
reality exactly, as long as they are approximately 
right. However, if we are using the model for 
predictions, we must have confidence in the key 
parameters (Walker and Zhang 2001).
For this reason, we must understand how the 
conclusions relate to the assumptions of the model 
and the data used in the model parameterisation. A 
tested model that is useful for a given objective is 
one in which the conclusions are robust to both the 
assumptions and the data. Testing of a model 
involves a number of steps:
• testing whether assumptions are reasonable;
• testing whether code matches conceptualisation;
• testing the sensitivity of the model to input data 
and model parameters; and
• testing model outputs against observed data that 
were not used in model parameterisation.
In going through these steps, it is clear that model 
testing will always be partly subjective. The simplest 
method of sensitivity analysis is to vary input 
parameter values by a set amount or percentage, 
and evaluate the resulting changes in model output. 
This provides information about the propagation of 
error from input data to conclusions. If parameters 
are changed independently, some important 
interactions between parameters may be missed. 
These interactions occur when the response of the 
model to a change in a particular parameter 
depends on the values chosen for other parameters. 
The choice of output variable to use as a measure of 
model sensitivity is not trivial. Conclusions about 
the sensitivity or uncertainty analysis will usually 
change depending on which output parameter was 
chosen, whether the average, maximum or 
minimum was chosen, and which spatial and 
temporal condition was chosen.
WAVES—An Integrated One-
Dimensional Energy and Water 
Balance Model
The WAVES model is designed to simulate energy, 
water, carbon and solute balances of a one-
dimensional soil–canopy–atmosphere system 
(Dawes and Short 1993; Zhang et al. 1996). It is a 
process-based model that integrates soil and 
canopy–atmosphere with a consistent level of 
process detail. WAVES predicts the dynamic 
interactions and feedbacks between the processes. 
Thus, the model is well suited to investigations of 
hydrological and ecological responses to changes in 
land management and weather, such as those 
discussed above.
WAVES models the following processes on a daily 
time step:
• interception of rainfall and light by the canopy;
• surface energy balance;
• carbon balance and plant growth;
• soil evaporation and canopy 
evapotranspiration;
• surface runoff and infiltration;
• saturated/unsaturated soil moisture dynamics 
(soil water content with depth);
• drainage (recharge);
• solute transport of salt (NaCl); and
• watertable interactions.
The WAVES model is based on five balances:
• energy balance: partitions available energy into 
canopy and soil for plant growth and 
evapotranspiration (Beer’s law); 
• water balance: handles infiltration, runoff, 
evapotranspiration (Penman–Monteith 
equation), soil moisture redistribution 40
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(Richards equation), drainage, and watertable 
interactions;
• carbon balance: calculates carbon assimilation 
using integrated rate methodology (IRM), 
dynamically allocates carbon to leaves, stems 
and roots, and estimates canopy resistance for 
plant transpiration;
• solute balance: estimates conservative solute 
transport within the soil column and the impact 
of salinity on plants (osmotic effect only); and
• balanceof complexity, usefulness, and accuracy.
Energy balance
The energy balance module calculates net radiation 
from incoming solar radiation, air temperature and 
humidity, then partitions it into canopy and soil 
available energy using Beer’s law. Evapotranspiration 
is calculated using the Penman–Monteith equation 
(Monteith 1981) with available energy, vapour 
pressure deficit, and air temperature as inputs. The 
Penman–Monteith equation is a ‘big leaf’ model 
based on the combination of energy balance and 
aerodynamic principles. It requires estimation of 
aerodynamic and canopy resistances. The 
aerodynamic resistance is estimated from wind 
speed and surface roughness, while canopy 
resistance is calculated as a function of net 
assimilation rate, vapour pressure deficit, and carbon 
dioxide concentration. WAVES couples canopy and 
atmospheric data using the approach proposed by 
Jarvis and McNaughton (1986); it handles multilayer 
canopies explicitly.
WAVES assumes that the canopy and ground 
surface temperatures are equal to the average daily 
air temperature. This assumption does not 
introduce much error into the energy balance for 
relatively dense plant stands with nonlimiting water 
supply (Zhang et al. 1996). The ground heat flux is 
neglected in the energy balance equation because 
over land surfaces the daily mean value of the 
ground heat flux is one or more orders of 
magnitude smaller than the net radiation.
Water balance
The soil water balance module handles rainfall 
infiltration, overland flow, soil and plant water 
extraction, moisture redistribution, drainage 
(recharge), and watertable interactions. Soil water 
movement in both the unsaturated and saturated 
zones is simulated using a fully implicit finite-
difference numerical solution of a mixed form of 
Richards’ equation (Richards 1931; Dawes and 
Short 1993; Short et al. 1995). A full description of 
the solution to Richards’ equation can be found in 
Dawes and Short (1993). Overland flow can be 
generated when the rainfall rate exceeds the 
infiltration rate of the soil, and when rain falls on a 
saturated surface. Both of the mechanisms are 
considered explicitly in WAVES. A watertable may 
develop anywhere within the soil profile. If nonzero 
slope is specified as input, then lateral subsurface 
flow occurs via any saturated watertable at a soil 
layer boundary, and is described by Darcy’s law. 
Researchers can specify a regional groundwater 
depth, which may be changed daily according to 
changes in weather, and which can be used to 
interact with the WAVES soil column. Evaporation 
and transpiration draw water out of the soil; when 
the internal saturated water level is below the 
regional watertable, leakage into the column occurs 
and may bring salt with it. Conversely, when the 
internal water level is above the regional watertable, 
due to plant inactivity or large amounts of 
infiltration, water may leak out of the column and 
leach salts.
To solve Richards’ equation, the analytical soil 
model of Broadbridge and White (1988) is used to 
describe the relationships among water potential, 
volumetric water content and hydraulic 
conductivity. This soil model has five parameters: 
saturated hydraulic conductivity, volumetric soil 
moisture content at saturation, air-dry volumetric 
water content, soil capillary length scale, and a soil 
structure parameter. The Broadbridge and White 
(1988) soil model can realistically represent a 
comprehensive range of soil moisture 41
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characteristics, from highly nonlinear associated 
with a well-developed capillary fringe, to weakly 
nonlinear associated with highly structured soil and 
macropores.
The assumptions of Richards’ equation are that the 
soil is incompressible, non-hysteretic and 
isothermal, and that moisture moves in a single 
phase only. The equation also assumes that flow is 
via the soil matrix only, and not via macropores and 
larger preferred pathways. The soil is assumed to be 
isotropic for the formulation of Darcy’s equation 
for lateral movement. Any water ponded on the 
surface can either be left to pond, or appear as 
runoff within the time step. Soil air flow is ignored.
Carbon balance
The carbon balance and plant growth module 
calculates daily carbon assimilation from a 
maximum value and the relative availability of light, 
water and nutrients. The limiting effects of 
temperature and salt in the soil water on 
assimilation are modelled explicitly. It is assumed 
that the actual growth rate depends on the potential 
growth rate and the level of the available resources. 
To combine the three limiting factors on plant 
growth into a single scalar, we use the IRM of Wu et 
al. (1994), which allows other limiting factors, such 
as atmospheric carbon dioxide concentration, to be 
easily included. Once carbon assimilation is 
calculated, it is used as input to the dynamic 
allocation of carbon to leaves, stems and roots, and 
into the calculation of canopy resistance to 
transpiration.
Solute balance
Solute transport within the soil column is solved 
with a convection–dispersion equation, in the same 
way as soil moisture dynamics (Dawes and Short 
1993). It is assumed that the solute concentration 
does not interact with soil hydraulic properties, so 
water fluxes and contents are constants with respect 
to the solutes, and that salt never crystallises out of 
solution. This makes the solution of solute 
dynamics explicit. The feedback of salinity to plants 
is through the reduction in apparent available water 
due to the osmotic potential induced by dissolved 
salt (NaCl) alone.
Overall model balance
WAVES emphasises the physical aspects of soil 
water fluxes and the physiological control of water 
loss through transpiration. It can be used to 
simulate the hydrological and ecological effects of 
scenario management options (e.g. for recharge 
control). The model strikes a good balance between 
generality, realism and accuracy, and provides a 
powerful tool for recharge study.
In what follows, we show how the WAVES model 
was used to investigate the effects of management 
on the water balance of irrigated crops on the NCP 
and to evaluate deep drainage under different 
cropping rotations in the Australian Mallee region.
Example 1: Modelling the water balance of 
irrigated crops on the North China Plain
Wang et al. (2001) used the WAVES model to 
analyse data obtained from field experiments at 
Luancheng Eco-Agro-System Experimental Station 
on the NCP and also to simulate the effect of 
irrigation management on crop growth in the 
region. Most rain falls in summer so irrigation is 
required during the winter wheat growing season, 
when the difference between rainfall and 
evapotranspiration is large. Corn grows during 
summer, but some irrigation is still required.
A relevant issue in irrigated agriculture is the 
relative importance of soil evaporation and 
transpiration. Results obtained from WAVES 
modelling suggest that before canopy closure—
where the leaf area index (LAI) is less than 1—soil 
evaporation accounted for 50–90% of total 
evapotranspiration. There appears to be some scope 
to improve irrigation efficiency by altering the 
balance between these two fluxes. One strategy is to 
reduce soil evaporation by mulching. Covering the 42
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surface with plant residues can reduce radiation and 
wind at the surface and hence reduce soil 
evaporation. Reduction of soil evaporation during 
the first stage when the soil is wet and evaporation is 
controlled by atmospheric demand can provide the 
crops with an opportunity to use the moisture in the 
top soil layers. During the second stage, when the 
soil is dry and evaporation is controlled by the 
moisture content, the rate of evaporation is usually 
much lower than during the first stage and the effect 
of mulching is likely to be small. The field 
experiments showed that mulching reduced soil 
evaporation by 50% under winter wheat (Fig. 6); 
this is equivalent to 80 mm of water over the entire 
growing season. In terms of irrigation efficiency, 
this means that we can reduce irrigation water by 
25% over the entire growing season.
To further investigate the effect of irrigation on crop 
yield (growth), we conducted several scenario 
simulations using WAVES. The amount of water 
applied in each irrigation varied from 0–80 mm; 
Figure 7 shows the resulting leaf area development. 
It should be noted that irrigation had no impact on 
crop growth in wet years; in dry years it enhanced 
crop growth significantly, but the benefit became 
less obvious as irrigation water supply increased. 
The results suggest that current irrigation practices 
in the area tend to overirrigate crops. Given the 
limited water available for irrigation in the region, 
resulting in falling groundwater levels, irrigation 
cannot be maintained sustainably at current levels.
Example 2: Simulating episodic recharge 
under different crop rotations
Zhang et al. (1999a,b) described two field 
experiments conducted at Hillston (New South 
Wales) and Walpeup (Victoria) to see whether 
changing land use and agronomic practices could 
reduce groundwater recharge. Various crop and 
pasture rotations involving fallow, field pea, Indian 
mustard, wheat, oats, lucerne and medic pastures 
were considered. The WAVES model was calibrated 
with the field data and then used to simulate soil 
moisture content, plant growth and recharge under 
these rotations.
The WAVES model was able to accurately simulate 
soil moisture contents at both sites throughout the 
study period (Fig. 8). The depths were chosen to 
represent different soil layers and root zones at the 
two sites. The model was able to reproduce seasonal 
variations in soil moisture for different soil types 
under various cropping rotations. To further 
evaluate the performance of the model in simulating 
soil water dynamics, we compared calculated and 
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Figure 7.  Effects of irrigation on leaf area development as simulated by WAVES.44
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measured soil moisture profiles for different 
periods. The model agreed very well with the 
measurements throughout the soil profile (Fig. 9). 
At Hillston, throughout the study period, there was 
a drying front associated with maximum rooting 
density at approximately 1 metre, below which the 
soil water remained relatively constant.
At Hillston, the simulated recharge rate at 4.0 metre 
depth increased dramatically after 10 years for the 
medic rotation but not for the lucerne rotation, 
which continued to decrease (Fig. 10a). The 
recharge under medic rotation appeared to respond 
to the cumulative rainfall anomaly. At Walpeup, a 
similar trend was observed for the fallow rotation 
with shallow rooting depth. However, an increase in 
simulated recharge occurred after 20 years with 
deep-rooted plants (Fig. 10c). The nonfallow 
rotation was not sensitive to the cumulative rainfall 
anomaly, but the fallow rotation was (Figs 10b and 
10c). The difference in simulated recharge under 
fallow and nonfallow rotations is significant.
These results suggest that changes in agronomic 
practice (for example, fallowing and crop rotation) 
may take a considerable period of time (more than 
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Figure 10. Cumulative annual rainfall differences from the mean and annual recharge 
rates at 400 cm depth for (a) Hillston under lucerne rotation (- - -) and medic 
rotation (   ); (b) Walpeup with a rooting depth of 50 cm under nonfallow (- - -) 
and fallow rotation (   ); and (c) Walpeup with a rooting depth of 100 cm under 
nonfallow (- - -) and fallow rotation (   ).47
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10 years) to have any noticeable impact on 
recharge. The results also showed that deep-rooted 
plants have better control of recharge, but that the 
degree of control is modified by soil characteristics 
and the prevailing weather conditions.
The results showed that the recharge just below the 
root zone is episodic: it occurs infrequently and its 
magnitude is significant. Given the fact that plants 
can only use water in the root zone, the effect of 
current agronomic practices on episodic recharge is 
limited. During large rainfall events, the root zone 
(generally considered as a buffer zone) became 
saturated and significant recharge occurred. 
Episodic recharge can therefore substantially 
reduce the effectiveness of land management 
options in controlling recharge. This is more so for 
sandy soils than for clay soils because of low water 
holding capacity and high infiltration rates.
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Simulation of Field-Scale 
Water Balance on the Loess 
Plateau Using the WAVES 
Model
Ming’an Shao,* Mingbin Huang,* Lu Zhang †
and Yushan Li*
Abstract
The Loess Plateau is an important agricultural area in China; its productivity is limited mainly by available water.
To achieve sustainable development it is essential to improve crop water use efficiency (WUE). This study
describes field experiments on winter wheat that were conducted in 1984–94 at Changwu Agro-ecological Station,
which is representative of the highland areas on the Loess Plateau. The study collected data on water and energy
balance components, crop growth and yield. A model based on biophysical measurements—WAVES—was used
to predict water cycling and crop growth for one-year and 10-year periods. The predictions agreed well with the
field measurements. The study showed that WUE on the plateau can be improved by increasing soil fertility
(mainly through fertiliser application). The WAVES model provides a useful tool for improving regional WUE for
crop production. 
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THE LOESS Plateau of China is a mainly semiarid 
area that has some of the most serious soil erosion 
problems on the globe. Both crop production and 
environmental quality depend on good water 
management. For crop production, the objective of 
water management is to improve water use 
efficiency (WUE) (Chapter 4 discusses the 
definition of WUE). WUE involves the transport of 
water in the soil–plant–atmosphere continuum 
(SPAC). For example, it is influenced by 
hydrological and field water balance processes such 
as precipitation, runoff, infiltration, water uptake by 
roots, evapotranspiration and drainage. It is easy to 
measure precipitation and runoff, but evaporation 
and transpiration are difficult to determine exactly. 
Many equations and models have been developed 
to describe water transport processes in SPAC, but 
most focus on a single process. For example, 
Eagleson (1978a, b, c, d, e, f, g) focused on 
statistical-dynamic analysis but this had limited 
application to areas with striking topographic 
features and strongly varying seasonal precipitation 
patterns. Horton (1940) and Philip (1954) 
described infiltration processes but did not link 
them with the vegetation. Gardner (1960), Molz and 
Remson (1970) and Shao et al. (1987, 1988) 
developed models for water uptake by roots but the 
models are of limited use for predicting plant 
growth. Van den Honert (1948) and Shao (1992) 
used the relationships between electrical current 
and water flow to develop models for water 
transport in a soil–plant system, but these models 
still need to be improved for field conditions. 
The existing equations and models cannot describe 
the material (e.g. water and carbon) cycling and 
energy balance in SPAC. The WAVES—water, 
atmosphere, vegetation, energy, soil—model has 
been described by Zhang et al. (1996), Dawes et al. 
(1997), Zhang and Dawes (1998) and Zhang et al. 
(1999). It is an integrated energy and water balance 
model based on the biophysical processes in SPAC. 
Chapter 1 provides further information about the 
WAVES model. In this study, we used the WAVES 
model to predict water balance in a typical highland 
area of the Loess Plateau. The main emphasis was 
on the processes of soil water movement and crop 
evapotranspiration.
The Overview provides background information 
about the Loess Plateau. The plateau has an average 
annual rainfall of 400–600 mm, falling mainly in 
July, August and September. The annual potential 
evaporation is 800–1000 mm. Dryland farming is 
the main form of agriculture. Soils are formed from 
loess parent materials and have fairly uniform 
profiles. Most have less than 1% organic matter. 
Soils have considerable water holding capacity 
because they are both deep and porous. 
Groundwater is 20–120 m below the soil surface and 
is not usually involved in the field water balance. 
The maximum rooting depth for winter wheat is 
about 3 m. To this depth, there are fairly significant 
changes in soil water; below it, the soil water content 
is relatively constant. 
In this chapter, we validate the WAVES model for the 
highland area on the Loess Plateau by comparing its 
predictions with field measurements and to identify 
ways to improve the WUE of crops in the area. 
Field Experiments and Data
Changwu Agro-ecological Station is located in the 
southern part of the Loess Plateau (see Figure 4 of 
the Overview). The climate is that of the continental 
monsoon temperate belt. The average annual 
temperature is 9.1°C and the annual mean 
precipitation is 587 mm. The accumulated 
temperature greater than 10°C is 3029°C. There are 
171 frost-free days per year. The rainfall is 
concentrated between July and September. The soil 
is mapped as Heilou soil. Table 1 shows the particle 
composition and hydraulic properties of the soil.
Field experiments were carried out on six plots of 
winter wheat subjected to various degrees of 
fertiliser application (Table 2). Treatment 1 (T1) 
had the highest level of fertiliser application; no 
additional fertiliser was applied to treatment 6. Each 50
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plot had an area of 10.26 × 6.5 m2. Winter wheat 
was sown on about 20 September each year and the 
crop was harvested on about 2 July the following 
year. Soil water content, leaf area index and crop 
yield were measured during the growing season. 
The experiments began in 1984.
Soil water content
We used two methods to measure the soil water 
content in the soil profile—the gravimetric method 
at 0–30 cm and a neutron probe at 30–300 cm. The 
measurement interval was 10 cm for the upper 
100 cm and 20 cm for the lower 100–300 cm. 
Measurements were made twice a month for the 
high fertiliser treatment (T1) and twice a growing 
season for the other treatments. One measurement 
was made before sowing, the other after harvest. 
Leaf area index
Thirty plants were randomly sampled during every 
stage of the growing period between September 
1985 and July 1986. The length and width of each 
leaf were measured manually and the results used to 
calculate the leaf area index (LAI).
Meteorological data
The meteorological data were recorded at Changwu 
meteorological station next to the experimental 
plot. The station provides daily maximum and 
minimum air temperatures, wind velocity, sunshine 
hours, precipitation, mean daily saturated vapour 
pressure, and actual vapour pressure. We used the 
daily meteorological data from 1 September 1984 to 
2 July 1994.
Model Calibration
In order to obtain the model parameters, the 
WAVES model was first run by using the 
meteorological data between September 1985 and 
July 1986. We selected vegetation parameters for 
winter wheat from Zhang et al. (1996) but adjusted 
the accumulated temperatures and the maximum 
root depth according to local conditions. The 
maximum rooting depth for winter wheat was set to 
3 m. There were two types of lower boundary 
conditions. For short-period simulations (one 
year), the lower boundary was either a drainage 
Table 1.  Properties of Heilou soil at Changwu.
(a) Particle composition







< 0.0001  41.20
(b) Hydraulic properties
Property
Saturated water content (cm3/cm3) 0.49
Field capacity (cm3/cm3) 0.297
Water content at permanent 
wilting point (cm3/cm3)
0.122
Mean bulk density (g/cm3) 1.35










T1 120 60 75,000
T2 120 60 0
T3 0 60 0
T4 120 00
T5 0 0 75,000
T6 0 00
T1 etc. = treatment 1 etc. (see text for details of treatment)51
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boundary (with a rate of 0.01 mm/day) for a rainy 
year or zero-flux boundary for a dry year. For long-
period simulations (10 years), the lower boundary 
was assumed to be a zero-flux boundary. This 
selection of the lower boundary conditions was 
based on the specific characteristics of the water 
balance with winter wheat in the area. 
The experimental site has a fairly uniform soil 
profile, so we assumed bulk density to be 1.35 g/cm3
through the 3 m profile. We also assumed that the 
soil has just one layer. Table 3 lists the Broadbridge–
White soil parameters (Broadbridge and White 
1988) from the calibration run for the soil. 
Results and Discussion
Leaf area index
Figure 1 shows the LAI predicted by the WAVES 
model and the measured LAI. The predicted values 
agreed well with the measurements during the whole 
growing season. Moreover, the model could predict 
the peak LAI, which is difficult to obtain by 
measurement. In the Loess Plateau region, winter 
wheat has a fairly long growing period. The plants 
are dormant during winter, when temperatures are 
low, so both predicted and measured LAI values 
showed little change between the end of November 
and March the next year (days 90–200 in Figure 1). 
From mid-March the crop grew again as 
temperatures increased. The model simulated well 
the change of leaf area with time. Figure 2 shows the 
results for a long-period run. The predictions of LAI 
by the model were sensitive to the amount of annual 
precipitation—that is, leaf area increased as rainfall 
increased, as expected. The peak index values for the 
10 years of the simulation ranged from 3.5 to 5.6.
Soil water content
In order to validate the WAVES model for soil water 
predictions, the model was run for two growing 
seasons. Figure 3 shows that the predictions were 
better for short runs than for longer simulations. 
The relative errors for the 295-day run and the 380-
day run were 4.84% and 5.44%, respectively. 
However, the errors for the 441-day run and the 
671-day run were 8.23% and 6.74%, respectively. 
The largest errors occurred in the upper layer (0–
50 cm) of the soil profile; the model underestimated 
the soil water content in the upper part of the profile 
Table 3. The Broadbridge–White soil parameters for Heilou soil in Changwu.
Layer Texture Depth Ks(m/d) θs (cm3/cm3) Θd (cm3/cm3) λc(m) C
1 Loam 0–300 cm 0.45 0.491 0.121 0.45 1.022
Ks= saturated hydraulic conductivity; θs = saturated soil water content; Θd = air-dry soil water moisture content; λc = characteristic length; 





























































































































Figure 1.  Comparison between predicted (—) and 
measured leaf area index (LAI) (o) for winter 
wheat, Changwu.
Figure 2.  Leaf area index prediction for winter wheat, 
Changwu, 1984–94.52
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and overestimated it in the lower part of the profile. 
The reason may be water uptake by the crop roots: 
relatively deep-rooted winter wheat may take up 
more water in the lower soil profile than is predicted 
by the WAVES model because there are more 
effective roots than expected to extract water from 
the lower soil layers. For the upper soil profile the 
result is just the opposite. The WAVES model may 
be modified for relatively deep-rooted systems by 
adding more restrictive rules about water uptake by 
plant roots or by adjusting the weighting factor for 
the pattern of root distribution.
The model simulated the changes in soil water 
content at different depths (50 cm, 100 cm and 
200 cm). Figure 4 shows that the model could 
predict changes of soil water content with time for 
the simulated 10-year period. The relative errors for 
the three depths were 13.60%, 12.19% and 11.17%, 
respectively. We stress that the model is good 
enough for water management for this long period. 
This will be very useful for making decisions to 
increase WUE on the Loess Plateau.
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Figure 3.  The observed (o) and predicted (–) values of soil water content (cm3/cm3)
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Figure 4.  Times series of measured (o) and modelled (–) soil water content, Changwu, 1 September 1984 to 2 July 1994: 
(a) at 50 cm depth; (b) at 100 cm depth; (c) at 200 cm depth.54
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Coupling effects of soil water and soil 
fertility on water balance prediction
Crop production is affected by light, water and 
nutrients. The WAVES model takes soil nutrient 
levels into consideration. Nutrients are weighted 
relative to light (WN) and the relative availability of 
nutrients (XN). Dang (1995) suggested that there is 
a coupling effect of soil water and soil fertility on 
crop production. He showed that in a wet year 
reasonably high fertiliser application could 
remarkably increase the crop yield; in a dry year the 
result could be the opposite. The effect of the 
fertiliser will itself influence water balance and 
WUE. The water balance prediction of the model 
does not take this coupling effect into account. We 
used data from our long-term field experiments to 
test the ability of the WAVES model to deal with the 
coupling effect. In the simulation, we assumed 
WN = 1.0 (Zhang et al. 1996). We calculated XN
from the amount of fertiliser applied, and the 
degree of optimal combination of light, water and 
crop yield. Table 4 shows the XNvalues, together 
with simulation results for 1992 (a dry year) 
(Table 4a) and 1993 (a relatively wet year) 
(Table 4b).
For all six treatments, the model predicted the water 
balance better in a wet year than in a dry year. The 
relative errors were 0.37–5.29% for the wet year and 
7.63–12.87% for the dry year. In other words, the 
effect of fertiliser on crop production appears to 
depend on the amount of precipitation. This effect 
is complicated but it would be useful to describe it 
quantitatively in order to improve the ability of the 
WAVES model to predict water balance and crop 
production. More research is needed on this topic.
Crop yield and WUE
Crop yield and WUE are critical issues for 
agriculture in the Loess Plateau region because of 
the water shortage there. We used long-term 
experimental data to study the relationships 
between crop yield, WUE and the amount of water 
used. Figure 5 shows the results for treatment 1 (the 
highest fertiliser application) and treatment 6 (no 
fertiliser application). Figure 5a shows that there is a 
Table 4a.  Predicted and measured water balance for experimental fertiliser treatments, Changwu, 18 September 1991 to 
18 September 1992.
Treatment T1 T2 T3 T4 T5 T6
Fertility index 0.87 0.69 0.22 0.42 0.56 0.32
Initial water storage (mm) 521.77 611.13 739.09 658.58 656.53 715.99
Precipitation (mm) 537.50 537.50 537.50 537.50 537.50 537.50
Canopy interception (mm) 10.46 10.71 7.39 9.44 10.33 8.65
Net precipitation (mm) 527.04 526.80 530.11 528.06 527.17 528.86
Evaporation (mm) 288.90 316.46 374.36 338.81 331.77 359.61
Transpiration (mm) 128.04 135.75 89.98 119.83 131.84 108.68
Evapotranspiration (mm) 416.94 452.21 458.64 458.64 463.61 468.28
Drainage (mm) 0 00000
Predicted final water storage (mm) 631.86 685.72 804.87 727.99 720.09 776.56
Measured final water storage (mm) 699.44 742.37 829.85 826.64 826.45 843.62
Error of the prediction (%)  9.66 7.63 8.17 11.93 12.87 7.95
T1 etc. = treatment 1 etc. (see text for details of treatment)55
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significant difference in crop yield between the two 
treatments based on the measurements of eight-
year field experiments. Treatment 1 almost always 
had a higher crop yield than did treatment 6. When 
water use was 250–500 mm, there was a linear 
increase of crop yield with water use; this range of 
water use was the most economically profitable. 
Crop yield reached a maximum when water use was 
about 600 mm, after which it decreased. However, 
Figure 5b shows that WUE reached a peak when 
water consumption was about 480 mm in the 
growing season for winter wheat. In other words, 
Table 4b.  Predicted and measured water balance for experimental fertiliser treatments, Changwu, 16 September 1992 to 
16 September 1993.
Treatment T1 T2 T3 T4 T5 T6
Fertility index 0.87 0.69 0.22 0.42 0.56 0.32
Initial water storage (mm) 591.91 623.54 712.60 731.41 734.44 728.77
Precipitation (mm) 628.00 628.00 628.00 628.00 628.00 628.00
Canopy interception (mm) 30.767 29.76 20.20 26.59 25.92 24.11
Net precipitation (mm) 597.24 598.24 607.80 601.40 599.09 603.89
Evaporation (mm) 259.47 265.86 302.71 283.01 276.40 290.34
Transpiration (mm) 271.95 267.65 198.50 248.68 265.05 229.74
Evapotranspiration (mm) 531.42 533.51 501.22 531.69 541.44 520.08
Drainage (mm) 25.43 35.17 80.04 84.51 84.06 85.54
Predicted final water storage (mm) 632.30 653.10 739.15 716.62 708.02 727.04
Measured final water storage (mm) 629.8 660.0 780.4 712.5 689.0 744.5
Error of the prediction (%) 0.40 1.05 5.29 0.37 2.75 2.35
















































Figure 5.  Relationships between water consumption and crop yield (a) or water use efﬁciency (b), for winter wheat, 
Changwu.56
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the maximum crop yield does not correspond to the 
highest WUE. If both maximum crop yield and 
WUE are being taken into consideration, water 
management measures may therefore require a 
compromise. This is the case for agricultural 
practice on the Loess Plateau. On one hand, the 
large population requires a high crop yield; on the 
other hand, a higher WUE is required because water 
resources are limited.
Conclusions
The study showed that the WAVES model can be 
used to predict water balance and crop production 
in the highland areas of the Loess Plateau. 
Satisfactory predictions were made for both a one-
year period and a 10-year period. The predictions 
for LAI agreed very well with observation. LAI is an 
important parameter for both water balance 
prediction and water management practice. 
However, the model is developed for crops with a 
relatively shallow root system; it needs to be 
modified to improve its ability to predict the soil 
water content for more deep-rooted systems such as 
winter wheat on the Loess Plateau. This may be 
achieved by adding more restricted rules about 
water uptake by roots or by adjusting the weighting 
factor for the pattern of root distribution. 
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Linking Water Balance to 
Irrigation Scheduling:
a Case Study in the 
Piedmont of Mount Taihang
Xiying Zhang*
Abstract
Irrigation scheduling could reduce the amount of water used to irrigate crops and help to achieve water balance
in the piedmont of Mount Taihang on the North China Plain (NCP), where the two staple crops are winter wheat
and summer corn. A study at the Chinese Academy of Sciences Eco-Agro-System Experimental Station in
Luancheng on the NCP investigated the effect of different irrigation regimes on grain yield and water use effi-
ciency (WUE) in these crops. Irrigation schedules for maximum yield or WUE were established. Yield and WUE did
not appear to be linearly related to total evapotranspiration. Maximum profit from a crop was obtained using
less water than was needed for maximum yield. High yield, efficient use of water and a net profit from winter
wheat were achieved using one, two and three irrigations (60 mm of water per irrigation) in wet, normal and dry
years, respectively. Thus, the general practice of irrigating winter wheat four times during the growth period
could be changed to irrigating one to three times a year, depending on the rainfall during the winter growing sea-
son, a practice that would greatly reduce supplemental water use.
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Email: xyzhang1@public.sj.he.cn
3
Xiying Zhang. 2002. Linking water balance to irrigation scheduling: a case study in the piedmont of Mount  Taihang. In: McVicar, T.R., Li Rui, 
Walker, J., Fitzpatrick, R.W. and Liu Changming (eds), Regional Water and Soil Assessment for Managing Sustainable Agriculture in China and 
Australia, ACIAR Monograph No. 84, 57–69.58
Water balance modelling
THE NORTH China Plain (NCP) is one of the most 
important grain production bases in China, 
providing more than 15% of China’s total annual 
grain production and over 19% of its total winter 
wheat production. However, the average water 
resource per capita and per area is about 14% of the 
average for China (Shi 1995) and the amount of 
groundwater available for irrigation is decreasing. 
The Overview provides background information 
about the region. 
The piedmont (the area lying at the foot of a 
mountain range) of Mount Taihang is a region of 
high production on the NCP and covers some 
50,000 km2. The groundwater table in the region is 
currently declining at the rate of 1–1.5 m per year. If 
this situation continues, the shallow groundwater 
will run out within 20–30 years and irrigated 
agriculture will no longer be possible. 
Despite the shortage of water, irrigation water is 
often wasted. Water use efficiency (WUE) and the 
profit gained from supplemental irrigation is low, 
due to poor decisions about when to irrigate and 
how much water to apply to a crop (Pereira 1999). 
Improved irrigation scheduling practices could 
increase yields and profits for farmers, save 
significant amounts of water, reduce the 
environmental impacts of irrigation and improve 
the sustainability of irrigated agriculture (Smith et 
al. 1996). Irrigation scheduling requires an 
understanding of the water requirements of a crop 
and the effect of water on yield. This study 
investigated the impact of the frequency and timing 
of irrigation on the yield and WUE of crops in order 
to establish appropriate irrigation scheduling and 
thus reduce water use.
Water Deficit in the Piedmont of 
Mount Taihang
Rainfall
The piedmont of Mount Taihang is in a monsoon 
climatic zone. Mean annual rainfall is about 480–
500 mm but fluctuates greatly from year to year, with 
a relative variability of 24.4% (Fig. 1). The 
distribution within a year is also very uneven (Fig. 2), 
with about 70% of the total rainfall occurring during 
July to September, the growing season of summer 
crops. About 25% of the total rainfall occurs during 
the growing season for winter wheat (October to 
June) when supplemental irrigation is needed. 
Water requirements of crops
In the piedmont of Mount Taihang, two crops are 
grown each year: winter wheat and summer corn. 
Winter wheat is usually sown at the beginning of 
October and harvested during the first 10 days of 
June; corn is planted in the wheat fields about 5–7 
days before harvesting the wheat. Figure 3 shows the 
total evapotranspiration due to winter wheat and 
corn under full irrigation at the Chinese Academy of 
Sciences Luancheng Eco-Agro-System Experimental 
Station (hereafter referred to as Luancheng Station), 
located in the central part of the piedmont of Mount 
Taihang. Measurements were taken over five seasons 
(1995–2000), using a large-scale weighing lysimeter. 
During the five seasons of the study, climate 
conditions were normal and rainfall was variable. 
Under full irrigation, the crops encountered no 
water deficit, so total evapotranspiration represents 
local evapotranspiration of these crops in normal 
years without water deficit. Average total 
transpiration was about 453 mm for winter wheat 59
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and about 423.5 mm for corn. The annual water 
requirements of the two crops in the region ranged 
from 830 mm (1998–99 season) to 927 mm (1996–
97 season), with an average of 876 mm. Average 
seasonal rainfall is about 126 mm for winter wheat 
and 362 mm for summer corn. The average 
difference between water requirements and rainfall 
is 327 mm for winter wheat and 61 mm for summer 
corn. The average annual supplemental water 
required by the two crops can be as high as 388 mm. 
Irrigation is particularly necessary for winter wheat, 
because seasonal rainfall may provide less than one-
third of the crop’s water requirement.
Overdraft of groundwater
Groundwater is the source of most supplemental 
irrigation. In the piedmont of Mount Taihang, 
farmers generally irrigate winter wheat four or five 
times, and summer corn two or three times. As 
explained above, about 400 mm of supplemental 
irrigation is needed to ensure that crops in the 
region encounter no water deficit during the 
growing period. The quantity of groundwater 
recharged each year is about 200–250 mm (You 
1998), giving a shortfall of 100–150 mm per year. 
Thus, current irrigation practices are rapidly 
depleting groundwater resources (Fig. 4). At 
present, WUE is 1.2–1.5 kg/m3, well below the level 
of 2.0 kg/m3 found in the developed world. It is vital 
to optimise irrigation scheduling in order to reduce 
irrigation water use and achieve water balance so 
that agriculture will be sustainable. 
Effective Irrigation Scheduling
The relationship between crop yield and water use is 
complex. Both the timing of irrigation and the 
amount of water used can affect yield. The efficient 
use of irrigation water requires information on the 
optimum time to apply limited amounts of water to 
crops to obtain maximum yield and high quality 
(Al-Kaisi et al. 1997). Crops show different 
sensitivities to moisture stress at different stages of 
development (Doorenboss and Kanssan 1979; 


































































Figure 1.  Fluctuation of annual rainfall in the 



























































Figure 2.  Average monthly rainfall in the piedmont of 
Mount Taihang (data averaged from several 
















































































Winter wheat Summer corn
Figure 3.  The total evapotranspiration (mm) of winter 
wheat and summer corn measured by a 
large-scale weighing lysimeter from 1995 to 
2000 at Luancheng Station. The large-scale 
weighing lysimeter is designed to contain the 
original (undisturbed) soil, which weighs 15 
tonnes and is 3 m2 in area and 2.5 m deep. 
Its metrical precision can reach 0.02 mm.60
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Sepaskhah 1997). At some stages, moderate water 
deficit may not affect crops. Irrigation can be 
scheduled to take account of the responses of crops 
to water at different stages of development. 
How evapotranspiration relates to grain 
yield and water use efficiency
In field experiments at Luancheng Station, the most 
frequent irrigation did not result in maximum yield 
or WUE. Figures 5 and 6 show how total water 
consumption for winter wheat and summer corn 
related to yield and WUE. The relationship was not 
as linear as reported by Turner (1990). Initially, 
increasing total water consumption led to an increase 
in yield and WUE. However, once yield and WUE 
peaked, any further increase in evapotranspiration 
led to a decrease in yield and WUE. The amount of 
water needed for maximum yield is greater than the 
amount needed for maximum WUE. 
Sensitivity of crops to water stress at 
different stages of development
Crop sensitivity to water stress can be expressed as a 
mathematical relationship between relative yield and 
the relative amount of applied water (Jensen 1968):
In Equation 1, Y is the actual yield under partial 
irrigation, Ym is the yield under nonlimiting water 
use from full irrigation, n is the number of growth 
stages,ETi is the actual amount of water used by the 
crop, ETimaxis the nonlimiting crop water use or 
potential water requirement and λi (sensitivity 
index) is the relative sensitivity of the crop to water 
stress during the ith stage of growth. The value of λi
for a given crop is different at the various stages of 
growth: a more sensitive growth stage has a higher 
sensitivity index.
Figure 7 shows the effects of water stress on the yield 
of winter wheat at different growth stages. The 
highest reduction in yield occurred with water stress 
at jointing to booting, followed by stress at booting 
to heading. Water deficit when the crop was turning 
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Figure 5.  The relation of total water consumption, grain 
yield and water use efﬁciency of winter wheat 
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Figure 6.  The relation of total water consumption, grain 
yield and water use efﬁciency of summer corn 
in the 1999 season at Luancheng Station.61
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was used to determine the sensitivity index of 
winter wheat and summer corn at various growing 
stages (Table 1). The highest index was at the 
jointing stage for winter wheat and at the heading to 
milky filling stage for corn. The negative sensitivity 
index for winter wheat when recovering (turning 
green) and maturing may indicate that at these 
stages moderate water stress is beneficial. The 
sensitivity index provides a means to determine the 
optimum time to apply limited amounts of water to 
obtain maximum yield.
Irrigation water efficiency
The irrigation production function describes the 
relationship between irrigation and crop yield. 
Researchers such as Zhang et al. (1993) have 
described this function with the following quadratic 
relationship:
Y = b0 + b1W + b2W2 (2)
In Equation 2, Y is the crop yield, W is the total 
irrigation during the whole growth period of the 
crop, and b0, b1 and b2 are coefficients.
The yield increase due to irrigation can be divided 
into three phases. In the first phase, marginal output 
value is greater than marginal cost; in the second, 
marginal output value is equal to marginal cost; in 
the third, marginal output value is lower than 
marginal cost. The following equations can express 
the situations:
Phase one: ∆Y × Py > ∆W × Pw (3)
Phase two: ∆Y × Py = ∆W × Pw (4)
Phase three: ∆Y × Py < ∆W × Pw (5)
Table 1.  The sensitivity index (λi) of winter wheat 
and summer corn to water stress at various 
growth stages. Results are averaged from 












Sowing to jointing 0.1496
Jointing to heading  0.2061
Heading to milky filling 0.3645


































Figure 7.  The yield reduction of winter wheat at different growth stages by water deﬁcit in 
the 1996–97 season at Luancheng Station.62
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In Equations 3–5, ∆Y is the yield increase by 
irrigation, Py and Pw are the respective unit prices 
of crop and water, and ∆Wis the increase in amount 
of water used for irrigation.
In phase one, net output value will increase with 
irrigation; in phase two, net profit from irrigation is 
at a maximum; and in phase three, net profit from 
irrigation decreases. The amount of irrigation 
needed to obtain maximum profit can be calculated 
from the equation:
W = (Pw/Py–b1)/2b2     (6)
Table 2 shows the relationship between yield and 
irrigation at Luancheng Station. As maximum 
profit is obtained using less water than is needed for 
maximum yield, the general practice of irrigating 
for maximum yield in this region could be replaced 
by irrigation for maximum profit. If water prices 
increase in future, total irrigation quantity will need 
to be further reduced to obtain maximum profit.
Indicators for water stress
Irrigation scheduling should be based on soil water 
and plant water status (Stricevic and Caki 1997).
Soil water 
There are many methods and measures to determine 
soil water status, which can act as an indicator for 
optimal irrigation scheduling. Significant crop stress 
occurs below a threshold value of soil water 
depletion. The threshold value varies with growth 
stage, due to variation in sensitivity to moisture 
stress. Thus, in winter wheat at jointing stage (the 
most sensitive stage to water stress), delaying 
irrigation for seven days caused a reduction in soil 
moisture content for the top 50 cm of soil from 
22.5% to 17.4% by volume; yield was reduced by 
about 11%. In contrast, a decrease in soil moisture 
content to 16.5% by volume at maturing had no 
effect on yield in the 1996–97 season. Table 3 gives 
the critical soil moisture level (threshold) for various 
stages of winter wheat obtained from field 
experiments at Luancheng Station over several years.
Table 2.  Relationship between yield and irrigation at Luancheng Station for winter wheat (1997–2000) and for summer 
corn (1999 season).
Crop Season Irrigation production functiona




Irrigation at maximum profit (mm)b
b When calculating irrigation with maximum profit, the price of winter wheat is taken as 1.0 yuan/kg and the price of corn as 0.9 yuan/kg (present price),
the low water fee as 0.1 yuan/m3 and the high water fee as 0.5 yuan/m3 (US$1 = 8.5 yuan)
Low water fee High water fee
Winter
wheat
1997–98 Y = –0.0632 W2+12.421 W+5417.8 98.3 90.4 58.7
1998–99 Y = –0.0499 W2+19.371 W+5161.9 194.1 184.1 144.0
1999–2000 Y = –0.0489 W2+23.013 W+5075 235.3 225.1 184.2
Corn 1999 Y = –0.0309 W2+12.449 W+8139.5 201.4 186.9 172.3
Table 3.  Critical soil moisture level (threshold) for winter wheat at various growth stages at Luancheng Station.
Growth stage Seedling
Turning green to 
start of noding Jointing Booting




60 55 65 60 60 5063
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Leaf water potential 
The water status of plants is a more reliable 
indicator of water stress than soil water content 
because it reflects the influence of both soil and 
climate on the plant (Berliner and Oosterhuis 1987). 
According to Hsiao (1990), the most effective 
indicator of plant water status for irrigation 
scheduling is leaf water potential (LWP), which is 
related to transpiration rate. Figures 8 and 9 show 
the daily LWP and transpiration rate for winter 
wheat and corn. During the day, LWP decreased 
with increasing transpiration. 
The transpiration rate fluctuated but there was a 
significant correlation between LWP and 
meteorological factors. Figures 10 and 11 show 
diurnal LWP and air temperature, radiation and 
vapour pressure deficit (VPD) for winter wheat and 
summer corn. LWP is highest before dawn; as air 
temperature, VPD and radiation increase, LPW 
decreases. At noon, LWP is relatively constant for 
several hours; it then increases as temperature, VPD 
and radiation fall. There is a linear correlation 
between LPW and temperature, VPD and radiation. 
The relationship can be described using the 
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Figure 8.  The diurnal change of leaf water potential with transpiration rate of winter wheat in 1996 at Luancheng Station.
Figure 9.  The diurnal change of leaf water potential with transpiration rate of summer corn in 1996 at Luancheng Station. 64
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LWP has been used as an indicator for the crop 
water stress index (CWSI) (Sepaskhah and 
Kashefipour 1994) and to estimate 
evapotranspiration under water deficit (Kang et al. 
2000). Figure 12 shows diurnal variation in LWP in 
well-watered and deficit-irrigated winter wheat. 
LWP was lower when soil moisture was lower. Early 
in the morning, the difference between LWP for 
well-watered plants and LWP for deficit-irrigated 
plants was greater than at any other time of the day. 
During the evening, transpiration rate is low, so 
LWP can approach equilibrium with the effective 
soil water potential. At midday, transpiration is 
high and a leaf may lose water that cannot be 
immediately replenished even under well-watered 
conditions. Thus, variation in LWP between well-
watered and water-deficit crops at midday may not 
reflect the true plant water status and predawn LWP 














































































































































































































































Figure 10.  The diurnal change of leaf water potential with temperature, radiation and vapour pressure difference (VPD) 
of winter wheat in 1996 at Luancheng Station.
Figure 11.  The diurnal change of leaf water potential with temperature, radiation and vapour pressure difference (VPD) 
of summer corn in 1996 at Luancheng Station.65
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that is consistent with other research (Nadler and 
Heuer 1997).
Table 5 shows the variation in LWP for winter wheat 
and summer corn at different levels of soil moisture, 
expressed as a percentage of field capacity. With 
decreasing soil moisture, variation in LWP usually 
increased. LWP can serve as an indicator of water 
stress for scheduling and control of irrigation.
Optimising the irrigation scheduling
Tables 6–10 show the results of different irrigation 
scheduling on yield, total water consumption and 
WUE for winter wheat and summer corn at 
Luancheng Station. Frequency and timing of 
irrigation affected grain yield and WUE, with 
irrigation important in improving yield. For 
example, in the 1999–2000 winter wheat season, 
when rainfall was scarce, the yield of the crop that 
was irrigated three times was almost 50% more than 
the crop without irrigation. However, the most 
frequent irrigation did not produce the maximum 
grain yield and gave the lowest (winter wheat) or 
almost the lowest (corn) WUE.
Because of the variation in rainfall, the frequency of 
irrigation needed to obtain maximum yield differed 





































































Table 4.  Relation of leaf water potential to air temperature, radiation and vapour pressure difference in the absence of 
water stress at Luancheng Station.
Parameters Winter wheat Summer corn
Equation nr Equation nr
Temperature (T, °C) ΨL = 0.3279 + 0.0478T 53 0.706 ΨL = 0.2012 + 0.01084T 64 0.808
Vapour pressure deficit 
(VPD, mb)





ΨL= 0.733+0.00392R 47 0.820 ΨL = 0.3666 + 0.01491R 64 0.815
ΨL = absolute leaf water potential; n = number of measurements; r = correlation coefﬁcient; mb = millibar; J/m2/s = Joules per square metre
per second
Table 5.  The variation of leaf water potential at 
different levels of soil moisture with full 
irrigation at Luancheng Station.a
Soil
moisture





a  0–50 cm soil moisture (percentage over field capacity)
Figure 12.  The difference of leaf water potential of 
summer corn under fully irrigated conditions 
and water-deﬁcit conditions in 1996 at 
Luancheng Station.66
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irrigation in a wet year, two in a normal year and 
three in a dry year produced the maximum grain 
yield for winter wheat. For corn, three irrigations in 
a dry year produced the highest grain yield. Because 
the three seasons when corn was grown had less 
rainfall than in normal years, no results were 
obtained for wet or normal years. However, 
previous experiments suggested that for corn no 
irrigation was required when rainfall was high 
during the growing season (around 400 mm) and a 
single irrigation at seedling stage was sufficient in 
normal years.
Analysis of variance showed a significant difference 
in the effects of irrigation frequency and timing on 
yield and rate of water use. For example, in the 
1998–99 season of winter wheat, five treatments 
were tested, all but two of which included two 
Table 6.  Yield, water use efﬁciency and total water consumption of different irrigation treatments for winter wheat at 
Luancheng Station, 1996–97.a
a All treatments were irrigated before over-wintering on 21 November
Number of 












1 21 Nov 67.5 364.7 5500.6 1.51
2 21 Nov, 22 Apr 144.4 428.6 6900.8 1.61
2 21 Nov, 29 Apr 153.5 434.5 6164.3 1.42
3 21 Nov, 27 Mar, 22 Apr 171.4 428.9 6494.3 1.51
3 21 Nov, 27 Mar, 29 Apr 200.1 475.9 6308.6 1.33
3 21 Nov, 27 Mar, 7 May 186.7 460.0 6503.3 1.41
3 21 Nov,27 Mar, 14 May 193.7 476.1 6219.8 1.31
3 21 Nov, 18 Apr, 14 May 194.8 470.1 7170.0 1.53
3 21 Nov, 29 Apr, 22 May 176.7 413.2 6236.6 1.51
4 21 Nov, 27 Mar, 22 Apr, 14 May 252.5 474.7 6503.3 1.37
Table 7.  Yield, water use efﬁciency and total water consumption of different irrigation treatments for winter wheat at 
Luancheng Station, 1997–98 season.
Number of 












0– 0.0 299.4 5413.8 1.81
1 15 April 84.7 333.7 6088.2 1.83
2 25 Mar, 21 Apr 95.0 338.4 5954.9 1.76
2 25 Mar, 20 May 151.3 366.0 5958.0 1.63
3 25 Mar, 21 Apr, 20 May 175.9 375.6 5650.7 1.50
3 7 Apr, 21 Apr, 20 May 166.6 389.8 6066.0 1.5667
Water balance modelling
irrigations with 160 mm of water. Due to differences 
in the timing of irrigation, there was about 10% 
variation in WUE and yield. The results indicated 
that irrigation scheduling can be optimised for high 
yield and WUE.
Table 11 shows the irrigation scheduling for winter 
wheat that was developed from information about 
sensitivity to water stress, supplemental water 
available (200–250 mm annually) and experimental 
results. A single irrigation at the seedling stage is 
usually sufficient for summer corn, because the 
crop grows in the rainy season. Such irrigation 
would not exceed the amount of water available and 
would stop the decline in the groundwater table.
Table 8.  Yield, water use efﬁciency and total water consumption of different irrigation treatments for winter wheat at 
Luancheng Station, 1998–99 season.
Number of 











0– 0 323.0 5325.8 1.65
1 16 Mar 80 366.4 7023.8 1.92
1 3 Apr 80 338.2 6697.5 1.98
1 24 Apr 80 370.4 7058.3 1.91
2 4 Mar, 24 Apr 160 444.2 7592.0 1.71
2 11 Mar, 24 Apr 160 438.4 7422.5 1.69
2 17 Mar, 6 May 160 399.0 6915.0 1.73
2 17 Mar, 14 May 160 403.9 7344.6 1.82
2 21 Nov, 24 Apr 160 400.3 6923.0 1.73
2 31 Mar, 5 May 160 442.5 7296.0 1.65
4 21 Nov, 31 Mar, 24 Apr, 5 May 240 478.5 6937.5 1.45
Table 9.  Yield, water use efﬁciency and total water consumption of different irrigation treatments for winter wheat at 
Luancheng Station, 1999–2000 season.
Number of 











0– 0 282.9 5103.8 1.80
1 6 Apr 60 325.0 6180.8 1.90
2 2 Dec, 6 Apr 120 374.6 6810.0 1.82
2 25 Mar, 25 Apr 120 414.2 7092.9 1.71
3 2 Dec, 18 Apr, 10 May 180 432.6 7593.2 1.76
4 2 Dec, 6 Apr, 25 Apr, 15 May 240 487.7 6937.8 1.4268
Water balance modelling
Discussion
For winter wheat, this study found that, in wet, 
normal and dry years, respectively, at a rate of 
60 mm per irrigation, one, two or three irrigations 
of the crop were sufficient to obtain maximum 
profit and WUE. As winter wheat in this region is 
generally irrigated between three and five times 
each season, such an irrigation schedule could 
substantially reduce the use of groundwater. The 
amount of irrigation necessary for maximum profit 
was less than that required for maximum yield.
Table 10.  Yield, water use efﬁciency and total water consumption of different irrigation treatments for corn at 
Luancheng Station, 1997, 1998 and 1999 seasons.
Year
Number of 












1997 0 –0 220.93 4114.5 1.86
1 17 July 60 275.21 5611.1 2.03
2 17 July, 14 Aug 120 349.36 5859.0 1.68
1998 0 –0 290.40 5233.7 1.80
1 16 July 60 364.60 6659.0 1.83
2 16 Jul, 14 Aug 120 370.97 7118.4 1.92
1999 0 –0 301.45 8155.5 2.52
1 18 Jul 60 341.33 8794.5 2.58
2 18 Jul, 7 Aug 120 355.46 9034.5 2.54
3 18 Jul, 1 Aug, 23 Aug 180 402.73 9565.5 2.37
4 18 Jul, 1 Aug, 23 Aug, 8 Sep 240 447.89 9280.5 2.07
Table 11.  The optimised irrigation scheduling for maximum yield and water use efﬁciency of winter wheat with 
different types of seasonal rainfall under limited irrigation.
Type of seasonal rainfalla









Dry Average rainfall (mm) 30.7 3.5 6.3 12.9 6.4 59.8
Simulated irrigation (mm)b
b ‘Simulated irrigation’ is the irrigation amount used in the simulation model
60 60 06 0 0 180
Normal  Average rainfall (mm) 52.3 10.9 17.4 16.3 8.1 105.0
Simulated irrigation (mm) b 06 006 0 0 120
Wet  Average rainfall (mm) 67.9 17.4 22.8 34.2 12.1 154.4
Simulated irrigation (mm) b 00 60 0 06 069
Water balance modelling
In addition to irrigation scheduling, WUE can be 
improved by methods such as reducing soil 
evaporation. In the piedmont of Mount Taihang, 
about 30% of total water consumption in growing 
winter wheat and summer corn resulted from soil 
evaporation. Total soil evaporation was about 
273 mm, equivalent to the amount needed for more 
than four irrigations of the crop. If this evaporation 
was reduced by even 50%, at least two irrigations of 
the crop could be saved. Thus, there is great 
potential for improving farmland WUE by reducing 
soil evaporation in the region, perhaps by the use of 
straw mulching.
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Assessing Rainfed and 
Irrigated Farm Performance 






























The aim of sustainable farming in both Australia and China is to achieve high water use efficiency (WUE), high
profitability and minimal damage to the environment. High WUE is needed to minimise the overuse of scarce
water resources. In this chapter, we review the many definitions of WUE that are in use in Australia and China. For
example, in rainfed and irrigated zones of southern Australia, WUE or ‘potential yield’ is used as an index of pro-
duction efficiency and its industry surrogates, whereas in China WUE is estimated as part of water-saving agricul-
tural practices. We also look at why current measures of WUE are not appropriate for some cropping systems in
Australia such as those in ‘leaky’ landscapes, where the crops cannot intercept and use all the water that reaches
the root zone. A more encompassing measure of plant WUE may need to be developed for these systems and
advocated to farmers. To maximise adoption by farmers, WUE must be based on easily measured parameters.
* CSIRO Land and Water, PMB 2, Glen Osmond, SA 5064, Australia. Email: jim.cox@csiro.au
† CSIRO Land and Water, PO Box 1666, Canberra, ACT 2601, Australia. 




Cox, J.W., McVicar, T.R., Reuter, D.J., Huixiao Wang, Cape, J. and Fitzpatrick, R.W. 2002.  Assessing rainfed and irrigated farm performance 
using measures of water use efﬁciency. In: McVicar, T.R., Li Rui, Walker, J., Fitzpatrick, R.W. and Liu Changming (eds), 
 
Regional Water and Soil 
Assessment for Managing Sustainable Agriculture in China and Australia
 
, ACIAR Monograph No. 84, 70–81.
 








 of water may restrict future regional 
agricultural productivity in both Australia and 
China. As the demand for high-quality irrigated 
produce increases in Australia and overseas, there is 
increasing competition for water between 
agriculture, urban users and the environment, 
where ‘environmental river flows’ are necessary to 
maintain aquatic and riparian ecosystems (Young 
2001). In China, the demand for water is driven by 
industrialisation of the economy and rapid 
urbanisation of the population, particularly over the 
past two decades (Anderson and Peng 1998; Brown 
and Halweil 1998; Rosegrant and Ringler 2000). 
This competition for water puts the agricultural 
sector under pressure to maintain and increase 
production using less water. In spite of serious 
water shortage in both countries, large amounts of 
water are wasted due to poor irrigation methods, 
although in Australia this wastage has partly been 
addressed by the introduction of irrigation quotas. 
Hence, the agricultural sector must increase its 
water use efficiency (WUE). Where agricultural 
practices must change in response to new policies, 
regulatory bodies require methods for monitoring 
WUE and mechanisms for conflict resolution such 
as litigation, legislation, negotiated agreements and 
market mechanisms (Deason et al. 2001).
In China, the regional distribution of water 
resources does not match agricultural demand for 
irrigation. While some 44% of the population and 
some 58% of the cultivated land are in the northern 
and northeastern provinces, only 14% of the total 
water resources (surface runoff and groundwater) 
are found in those regions (Brown and Halweil 
1998). Agricultural water consumption accounted 
for over 80% of the total water use; thus, ‘water-
saving agriculture’ (the term used in China) is of 
great significance. Stanhill (1986) identified three 
main components of water-saving agriculture: 
reducing delivery losses in irrigation systems; 
improving transfer of water (from either irrigation 
or rainfall) to a depth where roots can access the 
water; and maximising WUE by crops.
Farm productivity (yield per hectare) and 
disposable farm income (net profit per hectare) are 
two parameters used widely to assess and compare 
the relative performance of farming enterprises 
within and between regions. In rainfed agriculture 
these two annually derived measures are highly 
variable, because production is dominated by 
prevailing weather conditions during each growing 
season. Economic returns from farming are also 
affected by commodity prices and other fluctuating 
economic variables, such as interest rates. Where 
irrigation is efficient, the impact of climate is less 
pronounced, because soil water deficits are 
prevented and production targets can be reached. 
On the other hand, overuse of irrigation water can 
depress yields and returns, and in the longer term 
can contribute progressively to insidious 
environmental risks, such as the rising saline 
groundwater levels found in parts of Australia 
(Walker et al. 1999).
In both rainfed and irrigated agriculture, farm 
yields and financial returns are also governed in the 
short to medium term by other factors, including: 
• the quality of soil and land resources on the 
farm; 
• the systems of land use and rotations that best 
suit the land resource and the climate; and 
• how much money is invested in optimising 
economic returns and adopting improved 
farming practices to overcome constraints on 
yield. 
In this chapter we assemble and evaluate practical 
indicators for assessing farm or field performance 
against benchmarks linked to the availability of soil 
water for plant growth—the factor that is the most 
yield limiting. Such indicators, which can be viewed 
as measures of WUE achieved during the growing 
season, have been prepared for rainfed and irrigated 
agriculture in both Australia and China. In this 
study we also assess landscapes where some of the 
seasonal rains bypass the soil–plant system due to 
 




overland flow, lateral flows in subsurface soil 
horizons or drainage past the root zone. The relative 
importance of the processes operating within these 
systems are discussed in more detail in Chapters 1 
and 5 of this volume. 
 
Definitions of Water Use Efficiency
 
Stanhill (1986) defined WUE both hydrologically 
and physiologically; here we introduce the 
additional concept of economic WUE. 
Hydrological WUE is the ratio of 
evapotranspiration to the water potentially 
available for plant growth. It is expressed as a 
percentage or fraction (0–1). Physiological WUE 
measures the amount of plant growth for a given 
volume of water; it can be defined for different 
measures of ‘plant growth’ and ‘volume of water’. 
Turner (1986) noted that care is needed when 
defining WUE. For example, ‘plant growth’ may 
be measured in units of net biomass (including 
roots) (Ritchie 1983; Tanner and Sinclair 1983; 
Turner 1997) or as crop yield (Tanner and Sinclair 
1983; Turner 1997). Similarly, ‘volume of water’ 
can be measured as total transpiration (Tanner 
and Sinclair 1983; Turner 1997; French and 
Schultz 1984a,b), total evapotranspiration (Ritchie 
1983; Tanner and Sinclair 1983; Turner 1997), 
total water input (Sinclair et al. 1984) or total 
growing-season precipitation plus initial soil water 
at the time of sowing (French and Schultz 
1984a,b). Economic WUE attempts to gauge the 
value of different agricultural commodities by 
expressing WUE in units of wealth generated per 
volume of water used. Armstrong et al. (2000) 
developed a measure of WUE for dairy cattle 
farms, with the units being kilogram milk fat plus 
protein per millilitre of irrigation water applied. 
The different measures of WUE have different 
applications; for example, economic WUE is 
useful for regional planners, hydrological WUE is 
relevant to irrigation engineers and physiological 
WUE is valuable for those involved in plant, soil or 
atmospheric sciences.
Sinclair et al. (1984) introduced different timescales 
for several definitions of WUE, ranging from an 
instant to a day or a growing season. These 
temporal scales have now been linked to a range of 
spatial scales, which extend from a single leaf, 
through a canopy, field or farm to a region (see 
Table 1, Chapter 18). The scales are linked: leaf 
WUE (in the order of tens of square centimetres) 
will usually be measured over a short time (e.g. from 
one second to one day), whereas regional WUE (in 
the order of thousands of square kilometres) will 
usually be measured over a longer time (e.g. from 
one day to one growing season). To date, very little 
research has focused on farm-level or regional 
assessments of WUE; a study by Tuong and 
Bhuiyan (1999) is one of the few examples of a 
farm-level assessment. A report of regional 
monitoring of WUE over the North China Plain for 
13 years is given in Chapter 18.
As there are a large number of current uses for the 
term WUE, all indexes of WUE need to be clearly 
defined. While some of these indexes are directly 
related to water use, others are indicators of 
production performance based on crop response 
to water supply. For a WUE index to be of practical 
value, it should be based on easily measured 
parameters such as volume of water delivered from 
headworks, river pumping station or farm bore; 
water volumes delivered at the farm gate; area of 
crop or pasture irrigated; commodity yield; and 
rainfall. A WUE index will be more precise if it 





Hydrologic WUE is determined by spatial 
considerations (e.g.the distance water is conveyed) 
and by the type of irrigation infrastructure used to 
deliver water to the farm gate (e.g. open channels or 
a piped system) and onto the irrigated area. 
Hydrologic WUE is expressed as a percentage or a 
fraction (0–1), without dimension. It is closely 
related to water saving during conveyance and 
 




irrigation, and thus is important in research into 
field water balance, field water redistribution, canal 
seepage prevention, water conveyance works and 
new irrigation techniques.
The field water balance can be estimated from the 
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 is the soil water storage when crop harvesting.
Three types of WUE indicators can be used to 
assess the efficiency with which irrigation water is 
diverted from a water source, transported and 











) takes into account 
channel seepage, spillage, and evaporative and any 
other water losses that occur during transport from 
the source to the point of delivery in the landscape. 























 is the total volume of water supplied to the 




 is the total volume of water 
diverted from the regional water body to the target 
land area. 











). It relates to the proportion of 
water received at the field inlets compared with the 
























 is the total outflow from the supply system.

























 is the volume of water available within the 
plant-rooting zone (the volume supplied minus the 





 is the volume of water applied 
from irrigation and rainfall. Application efficiency 
assumes that irrigation water is applied uniformly 
either by flood or pressurised systems. 
Hydrologic efficiency can be measured on regional, 
farm or paddock scale; therefore, the scale should be 
made clear when efficiency estimates are reported. 
Efficiencies can also vary temporally and can be 
applied to single irrigation events or to longer 
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Having separate, yet interrelated, indicators of 
hydrologic WUE for an irrigation system allows 






Physiological WUE is commonly used at several 
different levels: from molecular, through single leaf, 
canopy and field to regional levels. It can be called 
‘crop WUE’. As the spatial scale of the molecular 
level is outside the emphasis of this chapter, it will 









 uptake by leaf per unit of transpiration. It is 
expressed as the ratio of leaf photosynthesis rate to 
leaf transpiration rate, and could be the upper limit 










fluxes can be expressed as the concentration 
gradient and diffusion resistance, which can be 





 and water vapour take identical 
paths between the leaf cell walls and bulk air, the 
WUE at this level could be calculated as follows 
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 are the 
boundary layer, stomatal, and internal resistances 
to diffusion, respectively.
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 includes photorespiratory 
effects as well as other apparent and actual internal 















 in the atmosphere, 


























The intercellular air spaces of the leaf are assumed 
saturated with water vapour at the leaf temperature. 
The highest WUE that might be expected under any 







zero, meaning that there is infinitely high 
photosynthetic affinity. At a leaf and air 
temperature of 25°C, an air relative humidity of 
50% and air saturation deficit of 12 mg/L, WUE 








O. In reality, with the 
exception of crassulacean acid metabolism (CAM) 
plants, WUE values are usually substantially lower 
than this (Fisher and Turner 1978).
WUE is affected by environmental factors including 
air saturation deficit, air temperature, incident 
irradiance, leaf orientation and leaf movement. 





























At the canopy level, WUE is defined as the ratio of a 




 assimilation to its 





flux to the water vapour flux for the canopy 

















 is the water 
vapour flux for the canopy transpiration. The gas 





 and water vapour. The unit for WUE 
at this level should be the same as that for the single 
leaf. The canopy WUE can also be expressed on 





At the field level, WUE is defined as the yield gained 
per unit of water used. The yield can be expressed as 



























 is the harvest index). 






















 (water use in mm) can be the 
total evapotranspiration, the irrigation water added 
or the precipitation, depending on the purpose of 
the analysis. For example, to show the effects of 
irrigation or precipitation on the accumulation of 













































At regional level, WUE is defined as the ratio of a 





). Calculation of regional WUE is relatively 
complex because there are usually several crops 
growing in the same period and different kinds of 





This index applies especially to irrigated agriculture 
and is used for assessing and comparing the 
financial benefits resulting from irrigation. The 
indicator is usually defined as: 
Gross income or profit at full equity for the irrigated 
area could replace operating surplus as the 
numerator. In either case, the indicator is expressed 
as $/ha/mm. Expressing WUE in these terms 
potentially allows economic policy to be the driving 
force for increasing WUE (Grimble 1999).
A ranking of sustainability indicators for assessing 
the economic performance of a farm business has 
recently been developed for Australia’s cropping 
and pasture industries operating within rainfed 
regions (Pannell and Glenn 2000). In contrast, 
financially based indices are often volatile, being 
sensitive to changes in commodity prices and the 
effects of climatic conditions on crop yield and 
grain quality. Usually, data over several decades are 
required before trends can be discerned. However, 
an on-farm economic indicator has recently been 
proposed and assessed across major crop and 
pasture regions (Reuter et al. 1996). It links farm 
income per hectare ($/ha) to annual rainfall 
received (mm) and thereby seeks to dampen the 
seasonal effects on economic performance. A 
variant, not yet tested, could link farm income to 
growing-season rainfall. This indicator, sometimes 
termed $WUE in Australia, uses units of $/ha/




Crop WUE is an important indicator for weighting 
the relationship between crop matter production 
and crop water use. Thus, factors affecting crop 
yield or water consumption will be reflected in a 
change in WUE. Factors affecting crop WUE vary 
both spatially and temporally, and can be divided 
into four categories:
• species or crop variety grown, encompassing 
plant breeding (Li et al. 1995) and genetic 
modification;
• soil conditions (Gong and Lin 2000), 
incorporating soil erosion, sodicity and 
salinisation (Rozelle et al. 1997);
• agricultural practices involving the use of 
fertilisers (Garabet et al. 1998), efficient 
irrigation management (Zhang and Oweis 1999; 
Zhang et al. 1998; Liu et al. 1998), time of 
planting and crop rotation (Li et al. 2000), 
planting density (Karrou 1998) and the use of 
mulch (Tolk et al. 1999) or plastic film (Jin et al. 
1999) to reduce soil evaporation; and
• atmospheric factors including levels of 
incoming solar radiation, wind-speed 
conditions and the relative gradients of water 
vapour, both internal and external to the leaf. 
Over a longer time frame, estimation of WUE will 
also be affected by changes in climate (Smit and 
Yunlong 1996, Loaiciga et al. 1996), including 





concentration (Hunsaker et al. 2000).
 
WUE Indicators for Rainfed 
Agriculture in Australia
 
For rainfed agriculture, we define WUE as ‘the 
efficiency of crops or pastures in any year to acquire 
and use available soil water derived from seasonal 
 =  Economic
WUE
operating surplus for
the irrigated area ($/ha)
total water supplied to the crop
in rainfall + irrigation (mm/ha)
 




rainfall to produce harvested products’. In this 
context, ‘harvested products’ for annual crops 
refers to the grain or seed harvested at crop 
maturity, a measurement readily recorded by 
farmers. For grazed and ungrazed pastures, total 
pasture biomass can be estimated by a variety of 
procedures. The concept of potential yield, 
pioneered with wheat in the Mediterranean climatic 
zone of South Australia by French and Schultz 
(1984a,b), has proved to be a most innovative 
benchmarking system for ranking performance of 
rainfed farming crops and pastures. Their initial 
studies used 60 sets of data from field experiments 
and commercial crops, grown between 1964 and 
1975, to relate grain in wheat to water use by the 
crop (French and Schultz 1984a).
Figures 1–4 show that crop water use increased as 
growing-season rainfall increased, resulting in a 
positive but variable trend between grain yield and 
crop water use. A boundary line (termed the 
‘potential yield line’) was used to envelop all data 
points. For wheat, the intercept for this line was at 
110 mm of water use, a value attributed to direct 
evaporative water losses from the soil surface and 
crop canopy. However, for hard-setting surface 
soils, evaporative losses were estimated to be higher 
(170 mm), because water infiltration into the root 
zone is slower, causing greater soil evaporative 
losses. The slope (20 kg/mm of water use) defined 
yield potential per millimetre of crop water use.
For practical reasons, farmers are unlikely to 
measure soil water changes between sowing and 
crop maturity; therefore, a surrogate estimate for 
crop water use has been determined (French and 
Schultz 1984b). The approach involved constructing 
relationships between grain yield and ‘derived’ 
growing-season rainfall (defined as April to October 
in South Australia). This term incorporated 30% of 
the measured rainfall falling in summer (i.e. before 
1 April) and in late spring (i.e. after 31 October), 
based on the assumption that this rainfall increases 
grain yield. Through this step, farmers in any season 
could rank their crop yield relative to the potential 
benchmark yield from the simple equation:
where the potential yield of wheat was defined as:
We then derived guidelines for assessing potential 
yield estimates in any field or season. For example, a 
potential yield of > 80% was judged to be 
approaching optimal productivity, where few, if 
any, constraints were limiting yield. On the other 
hand, a potential yield of < 50% was taken to 
indicate that grain yield was being seriously 
restricted by one or more factors such as weeds, 
disease, nutrient disorders or frost. The nature of 
these yield-limiting constraints then needed to be 
identified, either through field observations or the 
use of diagnostic procedures that identify particular 
field problems. In subsequent studies, potential 
yield lines were derived for other field crops and for 
pastures grown in South Australia (French 1992, 
1995), and researchers in other Australian states 
developed relationships for other crops and 
environments. These regional variants have been 
summarised by Reuter et al. (1996). In Western 
Australia, a computer program (PYCAL) was 
developed to permit farmers to calculate and 
annually rank per cent potential yield for a range of 
crops; the program took into account variations in 
regional environments.
The potential-yield concept is relatively simple, and 
readily accessible parameters are used for the model 
based on principles of plant water use. Because of 
these characteristics, the approach was rapidly 
adopted by the grain industry in southern Australia 
for ranking yield performance at field and farm 
scales. However, farmers probably estimate 
potential yield using rainfall from April to October, 









rainfall–110 mm) × 20.
 




empirical index of plant water use remains an 
important cornerstone for site-specific 
management. The index can also now be linked to 
mapping of grain yield contours in fields using 
differential global positioning system (DGPS) grain 
yield monitors. The concept has also been used in 
South Australia to review and map temporal and 
spatial trends in cereal productivity, and the 
findings have influenced policy developments.
 
Issues Arising from Estimating 
WUE under Irrigation
 
In irrigated agriculture, the aim of WUE is to 
optimise and sustain yield returns by matching 
water supply (rainfall plus applied water) to the 
amount of water needed by crops or pastures and to 
flush down salt accumulations within the root zone. 
In comparison to rainfed agriculture, irrigated 
Feed available after leaving
cover for erosion
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Figure 3  Relationship between water use in the 
growing season and pasture dry matter 
production in South Australia (after 
French 1992).
Figure 4  Relationship between annual rainfall and 
sheep carrying capacity derived from 
stocking rate experiments conducted at 
seven sites in South Australia (French 1992). 
Open circles represent minimum sheep 
carrying capacity; closed circles represent 
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Figure 1  Relationships between potential grain yield 
and April–October rainfall (mm) for crops 
grown in South Australia (French 1995).
Figure 2  Relationships between growing-season water 
use (mm) and pasture dry matter production 
at experimental sites across Western 
Australia (from Bolger et al. 1993). Open 
squares represent values for maximum 
production systems (high fertiliser inputs, 
high seeding rates, good weed control); 
closed circles represent values for ‘typical’ 
production systems; open circles represent 
maximum and minimum values from 
Wesfarmers CSBP Ltd experimental sites.
 




agriculture tends to have higher target yields and to 
use higher inputs such as fertilisers. However, the 
relative importance of factors such as crop water 
use, fertiliser requirements and salt accumulation 
will depend on the crop’s root distribution, soil 
properties and the type of irrigation system used 
(e.g. flood, sprinkler, drip).
To obtain the full benefits from irrigation (by 
optimising WUE without adverse onsite or offsite 
effects), water management must be carefully 
controlled. Maximum production of dry matter, 
either per unit of water or per unit of land, is 
generally achieved through avoiding water stress by 
maintaining low water suction in the root zone. 
However, for some crops, one or more periods of 
water stress are necessary to maximise crop yield 
and product quality. In addition, an irrigation 
schedule that always maintains a fully charged root 
zone does not provide opportunities for taking 
advantage of rainfall and/or stored soil water. Also, 
if yields are to be maximised, irrigation must be 
managed to minimise salinity in the soil solution of 
the root zone.
 
Constraints to achieving high WUE in 
irrigated systems
 
With conventional flood irrigation systems, labour 
and operating costs are minimised by decreasing 
the frequency of irrigation. However, WUE and 
crop yields tend to be maximised when irrigation 
frequency is increased. Consequently, under 
irrigation, the most appropriate uses of land and 
water resources need to be balanced against 
economic feasibility and long-term sustainability.
Automated solid-set, centre-pivot sprinkler systems 
and trickle irrigation could increase WUE. 
Compared to flood irrigation systems, these systems 
offer opportunities to reduce water consumption 
without decreasing yield or income because they 
allow greater control of water application and 
require less labour. However, these benefits can 
only be achieved through increased capital costs 
and fuel consumption.
Flood irrigation systems can also be modified to 
permit closer control of water application. Laser-
controlled precision land levelling allows better 
aerial distribution of water over the field and fewer 
applications of water. Combined with automation, 
major improvements in irrigation efficiency have 
been achieved in laser-level flooded systems. Closed 
conduits, rather than open waterways for lateral 
drains, allow for improved control and can make 
use of gravity to pressurise delivery systems or 
controls. In furrow-irrigated areas, furrow length 
can be reduced, intake distribution improved and 
tailwater eliminated.
Automated sensory systems for measuring soil and 
plant water status have recently become available. 
Often these systems incorporate data-loggers and 
sophisticated computing facilities, which can offer 
almost unlimited precision in controlling water 
supply. The benefit from such systems can be 
substantial and they offer scope for optimising 
WUE and product quality.
Numerous methods exist for modifying existing 
irrigation systems to increase WUE. However, to 
date, many of these have not found widespread 
application. One reason is lack of incentive, which 
can be linked to the pricing mechanism for 
irrigation water in Australia. Another problem is 
that many of these methods need adaptation and 
simplification to make them acceptable to growers. 
In addition, the basic irrigation infrastructure in 
many areas of Australia is old—a factor that often 
deters adoption of new technologies. Until capital 
inputs are available to revamp irrigation water 
delivery and handling systems, the potential for 
improving WUE will not be fully realised.
Another impediment to improved on-farm WUE is 
often the off-farm water distribution system. 
Typically, in most irrigated areas in Australia, water 
is distributed through large canals feeding laterals 
 




that deliver water at the farm gate. The design and 
operation of the canal system dictates that (at best) 
water must be ordered some days in advance of 
supply, or (at worst) water is delivered on a fixed 
rotation scheme. Efficient on-farm water use 
requires an adequate supply of water, delivered on 
demand. This can also help schedule irrigations to 
individual fields, and provide sufficient feedback to 
improve the operation of the delivery system.
 
Need for efficient drainage systems
 
WUE will also be adversely affected by 
waterlogging. Excess application of irrigation water 
must be avoided. Therefore, irrigation systems 
should incorporate drainage systems that remove 
irrigation water applied in excess of crop needs and 
avoid excess salts accumulating in the root zone. 
Drainage systems must also minimise water 
entering adjacent fields through seepage from leaky 
canals and excess irrigation. Natural soil drainage 
rates need to be taken into account and 
supplemented by artificial drainage installations. 
Although flushing salts past the root zone is 
important to the long-term viability of an irrigation 
area, the increase in water volumes to either local or 
regional groundwater systems can cause other 
environmental problems, such as salinity, in areas 
removed from the primary area of irrigation. 
Salinity and sodicity are major threats to optimum 
WUE in Australia. To avoid yield reductions from 
salinity, the downward flux of water through the 
root zone must be sufficient to avoid concentrating 
salts in the soil solution of the root zone. This flux is 
generally termed the ‘leaching requirement’—the 
fraction of the total surface-applied water that must 
percolate through the root zone to prevent salinity 
levels in root zones from reaching harmful levels.
For typical irrigation water with an electrical 
conductivity of 1.8 dS/m (1,000 mg/L of dissolved 
solids), the leaching requirement for most crops is 
0.05. In theory, this leaching requirement is easily 
met, even with the most efficient irrigation 
management, provided that there is uniform aerial 
distribution of irrigation water. However, in 
practice, uniform distribution is not easily achieved 
because some parts of a field always receive too 
much water and others do not receive enough 
water. Thus, drainage requirements are closely 
related to on-farm irrigation management and to 
the seepages and spills from the distribution system.
 
Estimating WUE in ‘Leaky’ 
Catchments
 
The term ‘leaky catchment’ refers to the lateral and 
vertical transport of water (and solutes) moving off-
site from catchments (Cox and Fleming 1997; Cox 
and Pitman 2001). By definition, rainfed 
catchments harvest and partition seasonal rainfall 
into that which is available for plant growth and that 
which flows from the land into streams and 
subsequently into regional water bodies (Cox and 
Ashley 2000). Rain not intercepted and captured by 
the soil–plant system may move via overland and 
throughflow pathways towards streams, and by 
deep drainage to groundwater. Such losses to the 
soil–plant system are likely to be greater in areas of 
higher rainfall and in landscapes with sloping 
topography.
Where there are duplex soils, lateral transport of 
water and soil solutes is likely to be significant (Cox 
et al. in press). This may contribute to transient 
perched watertables and areas of waterlogging and 
salinisation, which develop, persist and expand 
within the landscape (including discharge and 
ponded areas at lower points in a catchment) (Cox 
and McFarlane 1995).
These processes have a definite seasonal incidence 
and may unbalance a catchment’s hydrology. In 
any given year, the resident time of water (and 
solutes) varies at different points in the landscape 
(including the recharge and discharge areas). 
Within a growing season and in the longer term, 
cumulative effects may progressively occur that 
 




impact on catchment hydrology and hence on the 
spatial use of water by plants.
Given the mobility of water within catchments, 
there is scant hope for using only growing-season or 
annual rainfall to estimate and compare WUE 
under different land management practices (e.g. 
comparing WUE under set-stocking or rotational 
grazing at varying grazing pressures). A more 
sophisticated model is required to quantify spatial 
contributions to catchment water balance. Such a 
model could in turn be used to estimate the 
proportion of rainfall that is intercepted or used by 
the soil–plant system.
In other words, we need to quantify the total 
environmental losses of water (i.e. water not 
intercepted or used by plants) before we move 
towards calculating WUE for a given farming 
system. We also need to recognise that WUE 
estimates are likely to vary spatially within a given 





Various WUE indicators employed in China and 
Australia have been discussed. The type of WUE 
indicator used must be clearly stated because some 
are used to indicate production or economic 
performance rather than water use. To be widely 
adopted, an indicator of WUE must be practical 
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The water use of several pasture types was compared in a catchment in the Mount Lofty Ranges, South Australia.
The study sites had sloping (less than 14%) texture-contrast soils. The aim was to delineate the water pathways
(e.g. evapotranspiration, surface runoff, throughflow) in the catchment and to supply farmers with the best pas-










 cv. Sirosa) on the mid- and upper slopes but was similar on the toe-slopes. The clay subsoils on
the toe-slope were slightly saline, strongly sodic and sometimes affected by saline groundwaters in winter. After









pasture on all parts of the slope. TOPOG-IRM modelling indicated that on all parts of the slope there
was substantial deep drainage under the existing pasture (up to 29% of annual rainfall), with much-reduced deep
drainage under phalaris and lucerne.
* CSIRO Land and Water, PMB 2, Glen Osmond, SA 5064, Australia. Email: jim.cox@csiro.au
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 degradation is widespread in the agricultural 
regions of Australia, affecting vast areas of 
potentially productive land. Most land degradation 
(e.g. dryland salinity, waterlogging and erosion) has 
been caused by the widespread clearance of 
perennial native vegetation and its replacement 
with mainly annual crops and pastures (e.g. 
Saunders and Hobbs 1993). This has led to a drastic 
change in the hydrology of agricultural landscapes. 
It is widely acknowledged that recharge under 
introduced annual crops and pastures is 
significantly greater than that which occurs under 





Duplex soils, sands or loams over clays occupy a 
large percentage of southern Australian agricultural 
regions (Chittleborough 1992). Their chemical and 
physical properties vary along a toposequence from 
crest to flat (Tennant et al. 1992). Duplex soils are 
particularly susceptible to land degradation when 
cleared for agriculture. Degradation on duplex soils 
is exacerbated by the development of rapidly 
fluctuating perched watertables on slowly 
permeable subsoil horizons (Cox et al. 1994; Cox 
and McFarlane 1995). On some sloping duplex 
soils, significant quantities of water can travel as 
throughflow on top of the B horizon (Cox and 
Fleming 1997; Fleming and Cox 1998). This can 
increase the risk of waterlogging on low slopes. On 
‘leaky’ duplex soils, groundwater recharge can 
mobilise stored salts and bring them into the root 
zone, particularly in the toe-slopes and flats (Cox et 
al. 1996; Fitzpatrick et al. 1997). The chemical and 
physical properties of these duplex soils may change 
over time (Fitzpatrick et al. 2000).
It is apparent then that catchment water balances 
need to change so that less deep drainage occurs 
(Gregory et al. 1992). One option for achieving this 














 L.) are 
commercially available pasture species. Previous 
studies of these pasture species on flat land have 
shown considerable variation between species in 
their growth and soil water use (e.g. Whitfield et al. 
1992; Crawford and Macfarlane 1995; Lolicato 2000).
The aim of this study was to compare the water 
balance under lucerne with that under phalaris in 
three parts of the landscape. In addition, the 
pastures were compared with the existing 
(cocksfoot-based) pasture. Although farmers are 
encouraged to sow perennial pastures as a means of 
recharge reduction, no study has looked at the 




Site location, climate and soils
 
The experimental site was located in the Keynes 
catchment in the Mount Lofty Ranges, South 
Australia. The climate is Mediterranean and the 
mean annual rainfall is 544 mm, more than 75% 
falling between April and October. The catchment 
soils are typical of many in the > 500 mm rainfall 
region of the Mount Lofty Ranges (Fritsch and 
Fitzpatrick 1994; Cox et al. 1996). Slopes average 
14%. The Overview provides background 
information about the area and Figure 5 of the 
Overview shows its location.
 




Pits were excavated along five toposequences in the 
catchment and soils were classified according to both 
Soil Survey Staff (1996) and Isbell (1996) criteria. 
Chemical properties of the soil horizons were 
measured on selected samples using standard 
techniques (Rayment and Higginson 1992). 






) of the A, E 
and B soil horizons were measured at 12 sites in each 
of the upper, mid- and toe-slopes of the catchment, 
using a disc permeameter (Perroux and White 1988). 
At the same locations, intact cores (0.047 m diameter 
and 0.05 m height) were collected for measurement 








There were three pasture types: lucerne-based, 
phalaris-based, and the existing pasture comprising 








 L.) and annual grasses and weeds. 









 cv. Sirosa) plots were sown in the 
first year of the trial (1996) and replicated at each of 
the three levels of the landscape (that is, there were 
two plots of each crop at each of the upper, mid-, 
and toe-slopes). The existing pasture surrounded 
the lucerne and phalaris plots; detailed 
measurements were collected from one plot 
location at each landscape level. Physical barriers 
prevented run-on; overland flow and throughflow 
were measured using v-notch weirs and tipping 
buckets installed in drains (Cox and McFarlane 
1995). Further details are in Cox and Pitman (2001).
 
Measurement of soil water stored in the 
profile
 
Soil water storage was monitored regularly (2–3 
times a week in summer, weekly in winter), from 
1996 to 1997 using a neutron moisture meter (NMM) 
(CPN Corporation, California, USA). Readings were 
taken at 0.1, 0.2, 0.35, 0.5, 0.7, 0.9, 1.1, 1.4 and 1.7 m. 
The neutron probe was calibrated from measuring 




) collected at 
various periods of the year. Cores were dried at 105°C 
for 24 hours; gravimetric soil water content was then 






 > 0.8) 
established for each soil horizon. Probe readings 
were taken at the same time as core sampling for each 
access tube. The bulk density of each sample (and of 
samples from the soil pits) was calculated from the 
known core volumes; their respective volumetric 
water contents were then derived.
 
Plant production and root distribution
 
On four occasions, pasture was harvested for the 
calculation of pasture dry matter availability. About 
18 months after lucerne and phalaris establishment, 
10 soil cores were taken from each of the three 
existing pasture plots and from one lucerne and one 
phalaris plot at each of the three toposequence 
positions. One core from each site (taken from 
approximately 1 m downslope of the NMM access 
tube) was sectioned to correspond with the neutron 
probe reading depth, sealed in a plastic bag and 
used for additional NMM calibration. A second 
core was placed on a core tray, which was sealed and 
labelled for detailed profile description. The 
remaining eight cores were cut into 0.2 m sections 
and placed in plastic bags that were sealed, labelled, 
and stored for root washing. All samples were 
stored at < 4°C prior to analysis.
Roots were washed using the hydropneumatic 
elutriation method described by Smucker et al. 
(1982); this method reportedly recovers 15–25% 
more root dry weight than careful handwashing 
techniques (Mackie-Dawson and Atkinson 1991). 
The technique requires two sieve sizes (0.5 mm and 
1.0 mm) to retain the roots. Further soil pits were 
excavated to allow analysis of root growth and 
distribution, including a qualitative description of 




 Needed for the water balance modelling but not discussed in 
this paper.
 




Morphological measurements of length, area and 
root length density (RLD) were determined from 
scanned samples in the WinRHIZO™ package 
(Regent Instruments Inc., Quebec, Canada), using 




Rainfall, solar radiation, wind speed, temperature 
and humidity were recorded hourly at an automatic 
weather station located in the catchment. TOPOG-
IRM (a hydrological modelling package based on 
terrain analysis) (Dawes and Hatton 1993) 
simulations were run using the climatic, soil and 
vegetation data until soil water changes, overland 
flow and throughflow were correctly predicted. 
Actual evapotranspiration was derived from 
Penman–Monteith type equations (Monteith 1981) 
within TOPOG-IRM (Dawes and Hatton 1993). 
Deep drainage was determined by difference using 
the water balance equation for texture-contrast soils 






From crest to flat, the soils were a sequence of Typic 
Palexeralfs to Aquic Palexeralfs to Natraqualfs; 
elsewhere the sequence was red and brown 
Chromosols to brown Sodosols to brown 
Dermosols. On the mid- and upper slopes, the 














subsoils on the mid- and upper slopes had variable 





dS/m) and were usually nonsodic (ESP < 6%) 
except at depth (ESP was 10% at 1 m). On the toe-
slopes, the topsoils were also acidic (pH 5.8–6.9) 
and nonsaline (0.015–0.045 dS/m) but were 
sometimes sodic (ESP 3–15%). The subsoils on the 
toe-slopes also had variable pH (6.6–7.8) and were 




 <0.2 dS/m) and strongly 
sodic (< 21%).










< 0.05) at all positions on the slope (Table 1). 















1.50 m) than elsewhere. The change in the bulk 
density of the subsoil with depth was similar on the 
upper and middle slope but different on the toe-
slope.

















< 0.05) lower 
than on the mid- and upper slopes in the A and B 
horizons (average 0.9 and 0.05 m/day, respectively) 




< 0.05) higher in the E 













 ESP is exchangeable sodium percentage.




Mean bulk density (g/cm3)a
a Figures in brackets indicate the range
























































The annual rainfall was 14% below average in the first 
year of the trial (when the lucerne and phalaris were 
sown), close to the average in the second year of the 
trial and 26% below average in the final year (Table 
3). The rainfall from April to October followed a 
similar pattern, with a 12% reduction in the first year, 
a slight increase (3%) in the second year and a 




Figure 1 shows the change in soil water content 
(SWC) over two years below three pasture types on 
the upper slope of the catchment (the darker the 
shading, the higher the SWC). The SWC of the A 
horizon (approximately 0–0.35 m) followed a 
similar pattern under all treatments, responding 
rapidly to rainfall events. The type of overlying 





< 0.05) (Fig. 2). During each winter, a perched 
watertable developed to some degree on all 
treatments within the clay subsoil (at approximately 
0.5–0.6 m depth). 
In the soil profile below 0.35 m, changes in SWC 
were more gradual, and less influenced by the 
weather conditions. Under cocksfoot-based 
pasture, SWC at 0.35–1.7 m increased over the 
period of study at all slope positions (Table 4), 
based on end water content minus the initial water 
content (the amount of water used by the plant or 
drained). Under phalaris, SWC decreased at all 
slope positions, with the greatest water uptake in the 
upper slope position, followed by the mid- and toe-
slopes. Under lucerne too, SWC decreased most in 
the upper slope region, followed by the mid- and 
toe-slopes. This trend was confirmed by solving the 
water balance to 1.8 m depth (Table 5). Lucerne on 
the mid- and upper slope and phalaris on the upper 
slope dried the soil profile over a two-year period. 
Over the same period, the SWC increased in all 
landscape positions under the cocksfoot. Thus, the 
greatest deep drainage occurred under cocksfoot; 
there was substantially less deep drainage under 
phalaris, and there was an uptake of soil water from 
below 1.8 m by the lucerne in the upper and mid-
slope positions. In the toe-slope position, deep 
drainage was similar under lucerne and phalaris 
(Table 5).
 
Dry matter production and root analysis
 





more productive than the phalaris-based or 
cocksfoot-based pasture in the upper and mid-
slope positions. It was also more productive on the 
toe-slopes but not to the same degree. 





 < 0.01). Table 6 shows the summer 
Table 2.  Average measured saturated hydraulic 
conductivity (Ks) used in the modelling of 
deep drainage (m/day). 
Horizon Toe-slope Mid-slope Upper slope
A 0.93 1.97 2.06
E 0.18 0.14 0.11
B 0.05 0.08 0.07
Table 3.  Monthly rainfall at Keyneton township and seasonal rainfall for the Keynes catchment (mm).




a 78-year average data from Bureau of Meteorology
18 23 20 35 62 64 80 76 63 49 29 25 544 429
1996 48 15 13 37 37 67 121 94 858 9 5 467 377
1997 47 83 010 10 132 84 80 73 53 15 7 549 442
1998 10 61 2 75 624 12 85 73 03 539 404 257
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Figure 1.  An example of soil water content (volume %) over a two-year period, under three pasture 
treatments on the upper slope, showing the development of perched watertables within 
the B horizon (average 35–75 cm).
 













































































































































































































































Figure 2.  Average monthly soil water content (mm), from April 1997 to December 1998, under 
pasture.
 




growth advantage of the lucerne compared with the 
cocksfoot and phalaris-based pastures (the lucerne 
production in April 1997 was much higher than the 
other two pastures on all slope positions).
For all three pasture treatments, examination of 
roots in soil pits confirmed that most roots were in 
the top 0.3 m of the soil profile (Table 7); this is 
consistent with other studies (Evans 1978; Gregory 
1998). Visual inspections revealed a dense mat of 
roots in the top 0.1 m under all treatments, but 
surface samples (0–0.1 m) were not analysed 
because it would have taken too long to prepare 
samples of such a large amount of extraneous 
organic material.
Figure 3 shows mean data (from eight cores per 
treatment per slope position) for the scanned root 
samples. The cocksfoot samples were taken from the 
pre-existing pasture; the other samples were taken 
about 18 months after pasture establishment. Cores 
were taken to the maximum depth possible given 
soil conditions and the limitations of the drilling rig; 
most samples were no deeper than 1.4m. As 
indicated in Figure 3, most of the cocksfoot and 





Soil water, deep drainage and water use
 
The soil water content of the A horizon was similar 
under all pasture types. In the autumn/winter of the 
first year of the trial, a perched watertable developed 
within the B horizon under all pastures and at all 
slope positions. By the autumn of the second year, 
the lucerne, and to a slightly lesser degree the 
phalaris, had begun to dry the profile below 0.35 m; 
this, combined with below average rainfall, reduced 
the development and duration of perching. Under 
the cocksfoot, the soil profile below 0.35 m had 
remained at a higher SWC; perching developed 
earlier and lasted longer than for the other two 
pasture treatments.






















897 897 897 897 897 897 897 897 897
Evapotranspirationb
b Actual evapotranspiration from TOPOG-IRM
752 755 826 806 785 872 878 877 870
Surface runoffa 2 21 8 12 40 1 43 1
Throughflowa 8 18 74 84 414 13 13 29
Change in water storagec
c Initial–final soil water content 
–59 –141 –102 19 –32 –50 44 26 –49
Deep drainaged
d Deep drainage is by difference in the water balance equation
194 263 81 63 98 21 –39 –62 46
Table 4.  Average change (initial–ﬁnal) soil water 
content (mm), 35–170 cm soil depth, over a 
two-year period (1996 to 1997). 
Pasture Upper slope Mid-slope Toe-slope
Cocksfoot 14.9 81.8 48.9
Phalaris 58.0 11.2 1.8
Lucerne 74.8 57.8 10.5
 




Predicted deep drainage losses under cocksfoot 
were substantial over the two-year period, 
particularly in the upper and mid-slope positions. 
There was less drainage at the toe-slope position, 
because 73.5 mm of infiltration was removed via 
throughflow. Generally, throughflow increased 
downslope due to the increase in bulk density, and 
consequent lower porosities, of the sodic B horizon. 
Deep drainage under the cocksfoot pastures ranged 
from 9% to 29% of annual rainfall over the two 
years. Under the phalaris treatments, deep drainage 
ranged from 21 to 98 mm, or 2–11% of the total 
rainfall for the period. 
Phalaris persisted longer into summer than 
cocksfoot, broke dormancy earlier, had 
Table 6.  Mean dry matter production (kg/ha) of lucerne, phalaris and cocksfoot-based pastures, at three toposequence 
positions, over four time periods.
Slope August 1996 October 1996 April 1997 October 1997 Total
Lucerne sites
Upper 1211.6 2851.5 2393.9 2860.3 9317.3
Mid 1123.9 2954.2 1518.9 2461.1 8058.1
Toe 796.5 1871.2 1229.4 1796.7 5693.8
Phalaris sites
Upper 1033.5 2732.4 936.1 2440.5 7142.5
Mid 902.2 2623.6 888.9 1491.4 5906.1
Toe 938.2 2618.4 905.0 1764.8 6226.4
Cocksfoot sites
Upper 941.4 2904.6 552.1 1796.1 6194.2
Mid 902.8 2295.0 599.2 1667.1 5464.1
Toe 997.4 2098.6 767.9 1637.7 5501.6
Table 7.  Root length densities at discrete depth intervals for the three pasture species tested.
Depth interval (cm)
Root length density (cm/cm3)
Cocksfoot Phalaris Lucerne
10–30 3.7 6.0 6.5
30–50 0.9 1.8 1.9
50–70 0.5 0.8 0.7
70–90 0.2 0.4 0.5
90–110 0.2a
a The bulk of root material in the cocksfoot and phalaris samples below 90 cm was dead
0.3a 0.3
110–130 0.1a 0.2a 0.3
 












































































Predominantly dead roots below 90 cm
Figure 3.  Root length density emphasising toposequence effects for cocksfoot, phalaris and 
lucerne.
 




proportionally more groundcover, and produced 
between 0.5 and 1.0 tonnes/ha more dry matter at 
each slope position. This additional growth 
resulted in increased evapotranspiration. These 
factors, and the substantially smaller increases in 
SWC under phalaris than under cocksfoot, suggest 
that farmers should be encouraged to sow phalaris 
rather than cocksfoot.
Modelling showed that under lucerne deep drainage 
occurred only on the toe-slope. At this point on the 
toposequence, 46 mm (5% of the total rainfall) 
passed below the 1.8 m profile boundary; 
groundwaters were shallow, so it probably 
contributed to recharge. In both the upper and mid-
slope positions, soil water (44 and 26 mm 
respectively) was depleted from below 1.8 m by the 
lucerne. Numerous other studies, at smaller scale, 
support the ability of lucerne to extend its roots to a 
considerable depth, extract soil water from deep 
within the profile and reduce deep drainage. This 
study demonstrated that lucerne significantly 
reduces deep drainage on duplex soils at a small 
subcatchment scale, particularly at the upper and 
mid-slope positions. The main advantage of lucerne 
over the other pasture species tested appears to be 
the ability to extend roots into the subsoil and 
extract soil water stored deep in the profile, which 
would otherwise contribute to deep drainage. 
Lolicato (2000) reached a similar conclusion in his 





). At the toe-
slope position, where there was poor drainage and 
increased salinity, lucerne and phalaris both 
performed similarly, allowing deep drainage of 27–
29 mm, in comparison to 63 mm at that position 
under cocksfoot.
 
Dry matter production and root analysis
 
Lucerne produced more dry matter over two years 
than the phalaris or cocksfoot in the upper and mid-
slope positions. This was largely due to the summer 
dominant growth of lucerne. Phalaris and cocksfoot 
generally showed similar dry matter production, 
although phalaris production was slightly higher than 
that of cocksfoot over summer. Lucerne production 
was consistently lower than phalaris and cocksfoot 
on the toe-slopes where soils were slightly saline.
The decline in root material below 0.3 m in the 
catchment was quite marked for all species. Ridley 
and Simpson (1994) reported a study on a duplex 
red soil with a similar A/B horizon at approximately 
0.3 m; they found a more gradual decline, with 
substantial root length density (RLD) to 0.5 m 
(approximately two-thirds of that in the 0.1–0.3 m 
interval). The Keynes catchment data suggested that 
a restrictive A/B horizon may encourage root 
proliferation in the surface soil.
Visual inspection of soil pits indicated distinct 
differences in rooting depth between species: 
cocksfoot roots were observed to 1.2 m, phalaris to 
approximately 1.5 m and lucerne to more than 2.0 m. 
The cocksfoot had been established for many years, 
so had probably established a maximum rooting 
depth for that environment. Soil pits dug some 18 
months after the establishment of the lucerne and 
phalaris pastures showed that root extension to 2.0 m 
had already occurred. Subsequent pits did not 
indicate that phalaris was increasing its penetration 
to any extent. The lucerne root system could not be 
excavated to the full extent as its taproots followed 
cracks into the underlying sandstone. Both the 
phalaris and the lucerne roots had taken advantage 
of macropores, cracks and other faults to extend into 
lower depths. There was little evidence of roots 
elsewhere in the soil matrix at depth.
Figure 3 shows root length for each toposequence. 
The relatively low RLD of cocksfoot in the 0.1–0.3m 
range is obvious. In the 0.3–0.7 m section of the soil 










Phalaris and lucerne have more roots in the 0.1–0.3m 
region; phalaris appears to show differences related 
to toposequence position, with a higher RLD below 
0.3 m, in both the upper and toe-slope positions. This 
is consistent with pasture growth trends for phalaris, 
 




with lower pasture cuts on the mid-slope. Lucerne 
RLD seems consistent below 0.5 m, at all topo-
sequence positions; its main advantage over the other 
two pastures is that substantial live roots extend 
down the profile. At depth, many of these roots were 
still less than 1 mm in diameter compared to the fine, 
hair-like roots of both cocksfoot and phalaris. 
Decreases in SWC under the three pasture types are 





The results of this study show that both lucerne and 
phalaris will produce a higher amount of dry matter 
and use more water resulting in less deep drainage 
than the cocksfoot-based pastures that farmers are 
currently sowing. Lucerne is the best choice on mid- 
and upper slopes; phalaris is best for low slopes, 





Graham and Melanie Keynes allowed us to use their 
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Simulation of Winter Wheat 
Yield and Water Use 
Efficiency on the Loess 






















Water availability is a major factor limiting crop yields on the Loess Plateau of China. As competition for water
intensifies, it is essential to develop alternative irrigation schedules that maximise crop yield and water use effi-





1995 to 1998 calibrated and tested a biophysically based model (WAVES) in terms of grain yield and WUE predic-
tion. The data collected include water and energy balance components, biomass and grain yield. Comparisons
between the measurements and the model predictions were made with three years of field data. Modelled grain
yield and WUE based on biomass and harvest index were in better agreement with the measurements than those
based on transpiration and harvest index. The model was sensitive to different irrigation treatments, and in rea-
sonable agreement with field measured data. The highest irrigation treatment resulted in the greatest evapo-
transpiration but not the highest yield, so WUE was relatively low. Appropriately limited irrigation could improve
the grain yield and WUE. Aiming only for maximum grain yield or for maximum WUE could lead to uneconomical
irrigation management.
* Key Laboratory of Agricultural Soil and Water Engineering in Arid and Semiarid Areas, Northwest Sci-Tech University of Agriculture and 
Forestry, Yangling, Shaanxi 712100, PRC. 
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 Plateau, located in the middle reaches of 
the Yellow River, is one of the main agricultural 
regions in China. The Overview provides 
background information on this area; Figure 1 of 










) are the main crops in the area. Average 
annual rainfall ranges from 300 to 600 mm, with 
over 60% occurring from July to September. As 
rainfall is low and variable, water is the most 
important factor limiting agricultural production in 
the region. Crops are irrigated with water pumped 
from the Yellow River or from collected rainfall. 
However, the amount of available water in the 
Yellow River has declined rapidly in recent years, so 
there is an urgent need to reduce irrigation in order 
to sustain agriculture in this area (Kang and Li 
1997). A challenge is to develop management 
techniques that increase water use efficiency (WUE) 
while optimising crop production. Chapter 4 
discusses this in more detail.
When available water becomes limited, water deficits 
are unavoidable in some periods of the crop growing 
season. Irrigation scheduling then becomes more 
important and complex because irrigation decisions 
need to be based on the relationship between water 
use and grain yield and on WUE. This requires 
people to evaluate alternative irrigation schedules 
and choose a schedule that optimises crop yield and 
WUE for a given level of water supply. There are few 
detailed investigations on water use–grain yield 
relationships and WUE under different water supply 
conditions in the region, although many irrigation 
practices involve soil water deficit control.
In order to develop guidelines for farmers and/or 
decision makers to manage crop production, many 
irrigation practices under various conditions must 
be evaluated in terms of their effect on yield and 
WUE. Process-based models can provide useful 
information about different irrigation practices. For 
example, Hook (1994) and Kang et al. (1992) have 
used models to determine the best irrigation 
strategies. Models can also add value to decision 
making by transferring results from extensive field 
experiments to other areas (Cheeroo-Nayamuth et 
al. 2000; Cabelguenne et al. 1999; Jagtap et al. 1999; 
Sankaran et al. 2000; Alagarswamy et al. 2000). 
Modelling crop yield and WUE is an important 
facet of crop water management and requires a 
good understanding of crop–water relationships. 
WAVES (water, atmosphere, vegetation, energy 
and soil) is an integrated energy and water balance 
model based on the biophysical processes in the 
soil–plant–atmosphere continuum (Zhang et al. 
1996). A detailed description of WAVES can be 
found in Zhang and Dawes (1998) and in Chapter 1 
of this volume. The model was successfully applied 
to the Loess Plateau to model the processes of water 
dynamics, crop evapotranspiration, and biomass 
accumulation (Huang et al. 2001), but was not 
tested for crop yield prediction. 
 




The objective of this chapter is twofold: to evaluate 
two different methods for predicting crop yield and 
WUE within the WAVES model, and to evaluate 
optimal water management practices for improving 
crop yield and WUE under limited water supply on 
the Loess Plateau.
 




We conducted field experiments in Changwu, 
Shaanxi Province, during 1995–98. The Overview 
provides background information about the area; 
Figure 4 of the Overview shows its location. The 
study site has an elevation of 1206 m and has a 
semiarid to warm temperate climate with an average 
annual rainfall of 542 mm, concentrated from July 
to September. Annual averages are 2226 hours for 
sunshine duration, 9°C for temperature and 
1552 mm for potential evaporation. The 
groundwater table is 50–80 m below the surface. 
The soil is a dark loess soil with a loam texture; it has 
been intensively cultivated over many centuries. 
Table 1 shows the major physical properties of the 
soil. The top 30 cm contains 1.55% total organic 
matter, 0.106% nitrogen (Bremner and Mulvaney 
1982) and 0.095% available phosphate (Olsen and 




 2 m in 
area and 3 m deep, separated by waterproof 
concrete walls buried up to the soil surface.
The soil was irrigated, fertilised and well mixed in 
the top 30 cm before sowing. In each plot, an 
aluminium tube, 2 m long, was installed for 
moisture measurements. A mobile plastic rain 
shelter was installed above the lysimeters to control 





) was sown in late September. Seedling 




. There were 
seven treatments of irrigation deficit each year with 
three randomly designed replicates (Table 2). All 
plants were harvested in early July in the year 
following planting.
 
Measurements and statistical treatment
 
A neutron moisture meter (CPN503, United States) 
was used to measure water content every 10 cm to a 
depth of 2 m, with measurements taken weekly. In 
controlling soil water deficit, average soil water 
content for the top 40 cm and 60 cm was monitored 
using a time-domain reflectometer (Trase system, 
Soil Moisture Equipment Corporation, United 
States). When soil water content dropped to the 
lower limit of the designated range (see Table 2), the 
plot was irrigated to its field capacity. The amount 
of irrigation water in each lysimeter was recorded 
and used to calculate total water consumption. At 
the end of the winter growing season, plants were 
harvested and the dry mass and final grain yield 
calculated. All data were statistically analysed and 
treatments were compared using Duncan’s multiple 
range test.
Meteorological data were recorded by a standard 
weather station located at the experimental site. 
Daily values of maximum and minimum 
temperature, maximum vapour pressure deficit and 
average wind speed were recorded.




θs θF θwilt γd >0.25 0.25–0.05 0.05–0.01 0.01–0.005 0.005–0.001 <0.001 mm
%1 . 12.4 57.0 8.6 17.7 13.2 0.486 0.255 0.1 1.21
θs = saturated soil water content (cm3/cm3); θF = field capacity (cm3/cm3); θwilt = water content at permanent wilting point (cm3/cm3); and 




 This cultivar is widely used by farmers in the region.
 




Using the WAVES Model
 
WAVES can be used to predict crop yield and 
WUE. Crop yield is estimated from the carbon 
balance, determined by calculation of evaporation 
and transpiration demand for a given day. These 
fluxes are based on the soil conditions at the start of 
the day. A portion of the energy balance is used to 
estimate the stresses on the vegetation (Zhang and 
Dawes 1998), and carbon balance is then used to 
calculate assimilation based on those stresses. 
Finally, evaporative demand is calculated using a 
conductance based on the assimilation rate. In this 
way a complete cycle between the atmosphere, soil 
and vegetation can be made. The WAVES plant 
growth model is a generic algorithm using rate-
based equations, physical principles and empirical 
results (Wu et al. 1994). WAVES does not attempt 
to model discrete phenological growth stages or to 
predict yield. The model treats a plant as three 
separate carbon sinks representing leaves, stems 
and roots. Each of these is assumed to occupy the 
conceptual site fully (i.e. leaves are evenly spread 
across each square metre, stem numbers are not 
determined but are uniformly spread and roots 
totally explore the depths to which root carbon is 
allocated). 
Engineering estimates of crop yield can be made 
from knowledge of above-ground biomass and 
actual and potential transpiration, based on 
empirical relationships (Charles-Edwards 1982). 






























 is the total above-ground dry matter 
(kg/ha). Transpiration data can be used to make 



















is average potential transpiration rate over the 













 are stored and can be used for these 





Harvest index is related to water supply level 
(Austin et al. 1980; Perry and D’Antuono 1989; 
Siddique et al. 1989). Based on Kang et al. (2000), 
Table 2.  Controlled minimum soil water content of different treatments in the winter wheat growing season.
No. Treatmenta
a The growing season was divided into five periods and soil water content in the top 60 cm (40 cm before the jointing stage) was maintained during
different stages at one of three levels: high soil moisture content (H) (no soil water deficit); medium (M) (mild soil water deficit); or low (L) (severe soil
water deficit). When soil water content approached the minimum values, water was supplied up to field capacity. 













1 LLLLL 45 45 45 45 45
2 LLLHM 45 45 45 70 55
3 LHMLL 45 70 55 45 45
4 LMHMH 45 55 70 55 70
5 MMHHL 55 55 70 70 45
6 HMHHM 70 55 70 70 55












the harvest index for winter wheat was set to 0.25 
(rainfed), 0.30 (limited irrigation), 0.40 (middle 




 was set to 140 in all the simulations (Kang et al. 
2000). Crop WUE was calculated as grain yield 
divided by seasonal evapotranspiration. 
Calibration was done manually (i.e. without the use 
of software that optimises parameters for least 
squares or other error criteria). The calibration 
approach required a compromise between the 
degree to which a parameter could be adjusted for 
an individual plot, and the degree of parameter 
variation across plots. In order to obtain model 
parameters, the WAVES model was first run using 
the meteorological data between September 1995 
and July 1996 and treatment 1 (full irrigation). 
Vegetation parameters for winter wheat were 
selected from the work of Zhang et al. (1996), with 
the accumulated temperatures and the maximum 
root depth adjusted according to local conditions. 
The soil in the experimental site has a fairly 
uniform profile and was assumed to have only one 
layer. The maximum rooting depth for winter 
wheat was set to 2 m under limited irrigation. The 
bottom of the soil column had a draining boundary 
with a maximum rate of 0.01 mm/day. This 
selection of the lower boundary condition is based 
on the specific characteristics of water balance with 






Figure 1 shows a comparison of simulated and 
measured grain yield during the period 1995–98, 
using Equations 1 and 2 (Figs. 1a and 1b, 
respectively). Simulated grain yield using Equation 
1 agreed well with the measurements. The best-fit 
slope through the origin was 0.97, with a correlation 
coefficient of 0.93. Grain yield simulated by 
Equation 2 also compared reasonably well with the 
measurements. The best-fit slope was 1.00 with a 
correlation coefficient of 0.82. These results indicate 
that grain yield can be approximated from estimates 
of above-ground dry matter and crop transpiration.
The harvest index and crop factor must be known 
to predict grain yield using the above methods. For 
winter wheat on the Loess Plateau of China, the 
harvest index varies from 0.25 to 0.40, depending 
on water availability (Kang et al. 2000). In water-
limited crops that rely predominantly on stored 
water, the harvest index is roughly proportional to 
the amount of water available after anthesis (Nix 
and Fitzpatrick 1969). This is not the case for crops 
that rely predominantly on current rainfall 
(Passioura 1986). In other words, the harvest index 
varies with available soil water and other factors; it 
cannot be considered as an independent variable. 
The success of grain yield predictions using 
0
0 1000 2000 3000









































0 1000 2000 3000








































Figure 1.  Effectiveness of WAVES in predicting grain yield for winter wheat, Changwu. (a) Prediction based on above-
ground matter. (b) Prediction based on transpiration. 
 




Equations 1 and 2 relies on accurate estimates of the 
harvest index. The results shown in Figure 1 
support the findings of Zhang et al. (1999) and 
Wang et al. (2001), that the WAVES model can 
accurately simulate plant biomass under various 
soil moisture conditions. 




 is considered to be dependent 
only on variety and species (Hanks 1983). It can be 
applied to both water-limited and well-watered 
situations (de Wit 1958). We used a constant value 
in all simulations. Relationships represented by 
Equations 1 and 2 are attractive because they are 
simple; however, they are really useful only if we are 
able to estimate crop transpiration independently. 
This often means that a detailed model of a soil–




Figure 2 shows the comparison of the simulated 
WUE by the WAVES model and the measured 
values. The results obtained using Equation 1 
agreed reasonably well with the measurements. The 
best-fit slope through the origin was 0.95, with a 
correlation coefficient of 0.75. The results using 
Equation 2 showed poor correlation with the 
measured values. Mathematically, WUE is 
estimated by dividing Equation 2 by actual 
evapotranspiration and shows the variation in 
potential evapotranspiration. Since this quantity is 
independent of crop growth, little correlation can 
be expected. Where potential evapotranspiration, 
and therefore atmospheric demand, becomes the 
most limiting factor in crop growth, the 
relationship shown in Equation 2 may yield better 
estimates of WUE.
Figure 3 illustrates how evapotranspiration relates 
to simulated grain yield and WUE, using the 
WAVES model. Grain yield and evapotranspiration 
increased simultaneously when evapotranspiration 
was below a critical value; the slope increased as 
evapotranspiration decreased and became negative 
when evapotranspiration was larger than the critical 
value (about 500 mm). However, the maximum 
WUE was reached when evapotranspiration was at 
440 mm and did not correspond to the maximum 
grain yield. When evapotranspiration was relatively 
low, an increase in water use by a crop could result 
in large increases in both grain yield and WUE. 
However, at maximum WUE, an increase in crop 
water use could still lead to an increase in grain 
yield, but could only reduce WUE.
Simply aiming for maximum grain yield under 
limited irrigation will require too much water. 




































































y = 0.2211x + 7.5841
R2 = 0.1092
(b)
Figure 2.  Effectiveness of WAVES in predicting water use efﬁciency (WUE) for winter wheat, Changwu. (a) Prediction 
based on above-ground matter. (b) Prediction based on transpiration.
 




a lower grain yield. Thus, it is necessary to consider 
both yield and WUE when irrigating. The 
association of high WUE with high yields has 
important implications for efficient use of water 
resources on the semiarid Loess Plateau of China.
Table 3 shows total evapotranspiration, grain yield, 
biomass and WUE calculated by summation of daily 
output from simulations over the whole growing 
season from 20 September to 2 July for three years, 
together with irrigation water use and rainfall. 
Simulated seasonal evapotranspiration varied 
between 234 and 526 mm. Simulated biomass was 
between 8800 and 12,600 kg per hectare (kg/ha). The 
simulated grain yield was 1600–5140 kg/ha, and 
2200–5040 kg/ha, using Equations 1 and 2 
respectively. Crop WUE was 6.16–12.87 kg/ha/mm 
and 7.78–12.33 kg/ha/mm for yield simulated by 
Equations 1 and 2 respectively. 
Clearly, evapotranspiration, biomass and grain 
yield were lower under rainfed conditions than 
under irrigation. Evapotranspiration and yield 
depend on applied irrigation. Both 
evapotranspiration and biomass were maximised 
by full irrigation treatment, and were 
correspondingly lower without irrigation. However, 
the maximum grain yield occurred in treatment 5, 
in which applied irrigation water was 300 mm, 
reduced by one-third compared with the full 
irrigation treatment, with the deficit of 
evapotranspiration between 7% and 13%. The 
simulated results indicated that WUE of winter 
wheat could be improved by limited irrigation. 
Table 3 also indicates that the maximum WUE 
usually occurred in treatment 4. It suggests that the 
limited irrigation scheme has practical value for 
winter wheat production in this semiarid area. 
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Yield = –0.0479ET2 + 48.559ET – 7598.5
R2 = 0.844
WUE = –0.0001ET2 + 0.1189ET – 14.005
R2 = 7442
Figure 3.  Effectiveness of WAVES in predicting the relationship between seasonal 
evapotranspiration (ET), water use efﬁciency (WUE) and grain yield for 
winter wheat in Changwu.
 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































The WAVES model can be used to predict grain 
yield of winter wheat on the Loess Plateau. The 
simulated grain yield based on biomass and harvest 
index showed better agreement with the 
measurements than that based on transpiration and 
harvest index. The simulated WUE using grain yield 
from biomass and the harvest index agreed 
reasonably well with the measured values. However, 
when the grain yield obtained from crop 
transpiration and the harvest index was used to 
calculate WUE, the results estimated from the 
model showed poor correlation with the 
measurements. The model was very sensitive to 
different irrigation treatments. The harvest index is 
an important parameter for grain yield prediction. 
The model was developed with a constant harvest 
index for different irrigation treatments. However, 
the values of harvest index were similar but not 
constant for different irrigation treatments, and 
related water supply level. 
WUE in this region can be improved by irrigation 
scheduling. Evapotranspiration was the highest 
when most irrigation water was applied, but WUE 
was relatively low. Appropriately controlled 
irrigation could improve the grain yield and WUE. 
Aiming only for maximum grain yield or for 
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Effects of Limited Irrigation 
on Yield and Water Use 
Efficiency of Winter Wheat 






















Crop yields on the Loess Plateau of China are mainly limited by available water. A field experiment was conducted




 L.) during 1995–98 to evaluate the effects of limited irrigation on crop yield
and water use efficiency (WUE). The results showed that evapotranspiration, grain yield, biomass, WUE and har-
vest index depended on soil water content. The effect of irrigation on yield varied considerably due to differences
in soil moisture content and irrigation scheduling between seasons. High moisture treatment gave the greatest
evapotranspiration and biomass, but did not produce the highest grain yield and gave relatively low WUE. Appro-
priately controlled soil water content could improve grain yield, WUE and harvest index. Consistently high values
of grain yield, WUE, and harvest index were obtained under conditions of mild water deficit at the seedling and
start of regrowth to stem-elongation stages, with further soil drying at the physiological maturity to harvest stage.
We therefore suggest that for winter wheat periods of mild soil drying in the early vegetative growth period
together with severe soil drying in the maturity stage is an optimum limited-irrigation regime in this region. 
* Key Laboratory of Agricultural Soil and Water Engineering in Arid and Semiarid Areas, Northwest Sci-Tech University of Agriculture and 
Forestry, Yangling, Shaanxi 712100, PRC.
† Institute of Soil and Water Conservation, Chinese Academy of Sciences and Ministry of Water Resources, Yangling, Shaanxi 712100, PRC.
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 irrigation means that the soil water deficit is 
controlled at certain stages of crop growth, a practice 
that has become more important in recent years in 
areas where water resources are limited. Water use 
efficiency (WUE) is defined here as the ratio 
between grain yield and total evapotranspiration 
during the growing season. For other definitions, see 
the review of WUE in Chapter 4.  Studies on the 
effects of limited irrigation show that crop yield can 
be largely maintained and product quality can 
sometimes be improved while substantially reducing 
irrigation volume (Li 1982; Shan 1983; Fapohunda et 
al. 1984; Sharma et al. 1986; Singh et al. 1991; Zhang 
et al. 1999).
These studies also show that the relationship 
between crop yield and seasonal evapotranspiration 
can take different forms and that the empirical 
coefficients vary with climate, crop type and variety, 
irrigation, soil texture, fertiliser and tillage methods. 
The relationship between WUE and 
evapotranspiration or irrigation water use also 
shows large spatial and temporal variability. 
Aggarwal et al. (1986) reported that WUE decreased 
with increasing evapotranspiration, whereas 
Musick et al. (1994) found that WUE did not 
change with seasonal evapotranspiration. Under 
limited irrigation, reductions in grain yield due to 
restricted water availability depend on the degree, 
duration and timing of the imposed soil moisture 
deficit. The impact of soil moisture deficit on crop 
yield depends on the particular phenological stage 
of the crop, and the most sensitive stage can vary 
regionally (Singh et al. 1991). Because these 
differences relate to regional variability in 
environmental and agronomic practices, region-
specific information is needed for developing and 
refining limited irrigation schemes.
The Loess Plateau is a vast arid and semiarid area 
with average annual rainfall ranging from 300 to 
600 mm. Rainfall distribution is uneven, with more 
than 60% occurring from July to September. Total 
annual rainfall also varies significantly from year to 









) are the main crops in the region. 
Available water is the most important factor limiting 
crop yields. During the last decade, irrigation water 
has been pumped from the Yellow River or from 
surface dams, and average crop yield has 
substantially increased. However, recently there has 
been a rapid decline in available water resources 
from the Yellow River; consequently, there is an 
urgent need for more efficient water use in order to 
sustain agriculture in the area (Kang and Li 1997). 
The Overview provides background information on 
the region; Figure 1 of the Overview shows the 
location of the Loess Plateau.
When the available water supply is severely limited, 
water deficits will be unavoidable during some 
periods of crop growth. Scheduling of irrigation 
times is then more complex because irrigation 
decisions must be based on the relationships 
between grain yield, crop growing phase and crop 
water use. Alternative irrigation schedules must be 
evaluated to determine which schedule maximises 
crop yield and WUE for a given level of water supply. 
 




We lack adequate information on the relationships 
between grain yield and WUE under different 
irrigation regimes on the Loess Plateau; we also lack 
information about the degree of soil water deficit at 
different stages of growth, although many irrigation 
practices involve the control of soil water deficit.
The aim of this chapter was to study the effect of 
limited irrigation on crop yield and WUE for winter 
wheat in the field. The objectives were to:
• examine the impact of limited irrigation on crop 
yield; 
• determine an optimum soil water deficit scheme 
under limited irrigation; and 
• establish relationships between crop yield, WUE 
and the harvest index. 
It was expected that the results of the study could be 
used to provide guidelines to farmers and irrigation 
managers on how to minimise water use while 




Plant material and experimental design
 
The field experiments were conducted in Changwu, 
Shaanxi Province (see Figure 4 of the Overview) 
during 1995–98. The site is at an altitude of 1206 m, 
and has a semiarid, warm temperate climate with an 
average annual rainfall of 542 mm, falling mainly 
from July to September. Annual sunshine duration 
is 2226 hours, annual average temperature is 9°C 
and annual potential evaporation is 1552 mm. The 
groundwater table is about 50–80 m below the 
surface. The soil is a dark loess soil with a loam 
texture, which has been intensively cultivated over 
many centuries. Its major physical properties are 
given in Table 1. The top layer of the soil (30 cm) 
contains 1.55% total organic matter, 0.106% 
nitrogen (Bremner and Mulvaney 1982) and 0.095% 
available phosphate (Olsen and Sommer 1982). The 





 2 m in area and 3 m deep. Irrigation and 
fertiliser were applied to the top 30 cm before 
sowing. Each lysimeter had an aluminium tube 2 m 
in length installed for moisture measurements. 
During storms, a plastic rain shelter was installed 
above the lysimeters to control soil water status. 
Winter wheat (cultivar Changwu 89-134) was sown 





. In total, 15 treatments of soil water 
deficit were included (Table 2) with three replicates. 
All plants were harvested in early July in the year 
following planting.
 
Measurements and statistical treatment
 
A neutron moisture meter (CPN503, United States) 
was used to measure water content every 10 cm to a 
depth of 2 m. Measurements were taken at weekly 
intervals. In controlling soil water deficit, average 
soil water content for the top 40 cm and 60 cm was 
monitored using time-domain reflectometry (Trase 
system, Soil Moisture Equipment Corporation, 
United States). When soil water content dropped to 
the lower limit of the designed range (see Table 2), 
the lysimeter was irrigated to its designated upper 
limit. The amount of irrigation water in each 
lysimeter was recorded and used to calculate total 
water consumption.
Table 1.  Physical properties of the soils at Changwu.a

















(mm/min) Size >0.05 0.05–0.005  <0.005 
% in size class 3.5 65.6 30.9 1.21 50.6 0.255 5.9 1.6
 




A portable gas-exchange recording system (CID-
301PS, CID Inc., Vancouver, WA, United States) 
was used to measure diurnal variations in the rate of 
photosynthesis and stomatal resistance on some 
clear days. The measurements were taken at hourly 
intervals from 7 a.m. to 7 p.m. At the end of each 
growing season, plants were harvested for 
estimation of dry matter in shoots and roots, and 
final grain yield.
Meteorological data—air temperature, air 
humidity, wind speed and rainfall—were recorded 
at a standard weather station located at the 
experimental site. Maximum and minimum 
temperature, maximum vapour pressure deficit and 
average wind speed were also recorded each day, as 
was daily potential evapotranspiration from an 
evaporation pan with a diameter of 601 mm.
All data were statistically analysed; Duncan’s 
multiple range test was used to compare treatments.
 
Estimation of evapotranspiration, water use 
efficiency and harvest index
 
Crop evapotranspiration between two soil moisture 
content measurements or in the whole growing 













































 is the 
change in soil water storage between two soil 















 is capillary rise from the water table to 




 is downward drainage from 






 is surface runoff from the 
lysimeter.
Because the water table was below 50 m, capillary 
contribution from the groundwater can be ignored 
(Zhang et al. 1995). During heavy storms, a mobile 
plastic rain shelter eliminated runoff from the 





a The growing season was divided into five periods and soil water content in the top 60 cm (40 cm before the jointing stage) was maintained during
different growth stages. When soil water content approached the minimum value, water was supplied up to field capacity. H = high soil moisture
content (no soil water deficit); M = medium soil moisture content (mild soil water deficit); L = low soil moisture content (severe soil water deficit).



























































































































lysimeters. The measured rainfall during such 
events was applied as irrigation and allowed to 
infiltrate. Since irrigation water was applied to the 
topsoil and moisture content was controlled below 
field capacity (Table 2), deep drainage was assumed 
to be negligible.
Crop water use efficiency was calculated as grain 
yield divided by seasonal evapotranspiration. 
Harvest index was estimated as grain yield divided 




Evapotranspiration, grain yield and biomass
 
Table 3 lists the average values of 
evapotranspiration, grain yield and biomass for 
different treatments in 1995–98. The growing 
season reference evapotranspiration calculated by a 
modified Penman equation was 534.2, 429.9, and 
479.3 mm for the respective growing seasons. 
Actual evapotranspiration was considerably lower 
than for winter wheat in the Southern High Plains of 
the United States (Howell et al. 1995; Schneider and 
Howell 1997) or the North China Plain (NCP) 
(Zhang et al. 1999). The differences may be due to 
different climatic conditions.
The plants in treatment 1 were grown in rainfed 
conditions, with no irrigation in the growing 
season. Seasonal evapotranspiration varied from 
213 to 267 mm. In 1996 and 1998, 
evapotranspiration was balanced by the growing-
season rainfall. However, because of drought in 
1997, 80 mm of stored soil water was used in 
addition to the seasonal rainfall. Grain yields varied 
between 1612 and 2493 kg/ha under rainfed 
conditions. In the irrigated treatments, seasonal 
evapotranspiration ranged from 227 to 519 mm and 
grain yield from 1771 to 4920 kg/ha, depending on 
the amount of water applied and the time of 
irrigation. Evapotranspiration and yield depend on 
the level of soil water deficit at different growth 
stages. In treatment 12 (high soil moisture), 
seasonal evapotranspiration was 358–519 mm 
during the three years of the study. These high 
values may have been due partly to relatively high 
soil evaporation resulting from more frequent 
wetting of the soil surface, especially early in the 
season, when crop cover was low. 
The high soil moisture treatment did not produce 
the highest grain yield. In fact, the highest grain 
yield was attained in treatment 15, which was 
subject to mild water deficits at the seedling, 
regrowth and stem-elongation stages, followed by 
soil drying during the period from physiological 
maturity to harvest. Seasonal evapotranspiration in 
this treatment was 7.4–24.9% less than that in the 
high soil moisture treatment. Hence, this treatment 
combines the benefits of reduced irrigation water 
(7.4–24.9%) and higher grain yield (0.4–18.0%). 
The results are only a first indication for a single 
area, but they support the idea that water resources 
can be conserved through a process of mild soil 
drying in the early vegetative growing periods 
followed by severe soil drying in the maturity stage. 
This can assist in developing sustainable agriculture 
and may help in preventing further depletion of 
water resources. Thus, limited irrigation may be of 
real value in making winter wheat production part 
of a program of sustainable agriculture.
Table 4 shows that the regulated soil water deficit 
reduced leaf and stem development and stimulated 
root development. An advantage of smaller shoots 
is that crops consume less water. Canopy 
transpiration is largely a function of net energy 
absorbed by the leaves when available water is not 
limiting (e.g. Monteith 1981), and smaller leaf area 
will reduce light interception. In addition, soil water 
deficit may reduce water loss through physiological 
regulation, such as by reduced stomatal 
conductance (e.g. Davies and Zhang 1991). The 
data indicate that total water consumption was 
reduced by both smaller leaf area and lowered rate 
of leaf transpiration.
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Under the rainfed conditions of treatment 1, 
minimum total above-ground biomass was 6000–
8726 kg/ha (see Table 3); the maximum biomass 
was recorded in the high soil water conditions of 
treatment 12 (13,000–16,726 kg/ha). The linear 
curve fit through the data in Figure 1 indicates that 
early-season soil evaporation was about 28 mm. 
With limited irrigation and a controlled soil water 
deficit, the biomass was lower than with a high soil 
water content. However, the reduction in biomass 
was small in treatment 15 and even less in 
treatments 13 and 14 in 1997 and 1998. This was 
due to a compensatory effect of photosynthesis after 
rewatering under controlled soil water deficit 
(Table 5). Soil water deficit at the seedling stage 
substantially reduced leaf photosynthesis, but it 
recovered a few days after rewatering, suggesting 
that stomatal inhibition was the main reason 
(Cornic 1994). Further soil water deficit between 
the start of regrowth and stem elongation had less 
effect on the photosynthesis rate in treatment 15, 
especially for plants subjected to soil water deficit at 
the seedling stage. This could be related to a larger 
and deeper root system (Table 4) following soil 
drying at the seedling stage. A deep root system is 
beneficial under water-limited conditions as it 
allows water to be extracted from depth. Studies on 
dryland crops have shown that utilisation of water 
deep in the profile may be limited by root density 
(e.g. Jupp and Newman 1987; Zhang and Davies 
1989; Kang et al. 1992; McIntyre et al. 1995).
Regression analysis shows that the relationship 
between grain yield and seasonal 
evapotranspiration is a quadratic function (Fig. 1). 
Grain yield did not increase when seasonal 
evapotranspiration exceeded a critical value: in this 
study about 434 mm, or approximately 84% of the 
measured maximum evapotranspiration. However, 
biomass increased linearly with evapotranspiration. 
Both biomass and grain yield showed good 
correlation with evapotranspiration (Fig. 1), but not 
with the amount of irrigation water applied 
(Table 3). These results suggest that the effect of 
irrigation on grain yield varied considerably due to 
differences in the soil moisture content and 
irrigation scheduling between seasons. A high soil 
moisture content throughout the season required a 
high water consumption but did not lead to higher 
grain yields. In some cases, high soil moisture 
content even resulted in lower grain yields (Table 3). 
Similar relationships have been reported for wheat, 
corn and cotton in Northwest China (Kang and 
Dang 1987), wheat in India (Rajput and Singh 1986; 
Table 4.  Distribution of root, stem, and leaf dry mass (%) at different development stages of winter wheat grown in the 
ﬁeld under different treatments,a 1995–96.




LLLLL MMMMM  HHHHH LLLLL  MMMMM HHHHH LLLLL
 
MMMMM HHHHH
4 Nov  22.6 22.6 22.6 38.0 38.0 38.0 39.4 39.4 39.4
6 Dec  19.6 12.3 10.1 35.8 40.0 34.8 44.6 47.7 55.1
6 Jan  19.9 14.2 12.0 45.6 42.6 32.0 34.5 43.3 56.0
6 Feb  16.3 15.2 13.8 40.8 39.7 34.1 42.9 45.1 52.1
13 Apr  14.6 14.9 14.1 53.2 49.2 49.1 32.1 35.9 36.8
21 May  12.4 11.0 8.7 69.2 67.6 73.5 18.4 21.4 17.8
29 May  13.4 12.0 7.2 60.6 61.8 58.9 10.4 11.9 12.0
 




Kumar and Khepar 1980), cowpea and corn in 
Nigeria (Fapohunda et al. 1984), and sorghum in 
Northeast Brazil (Sharma and Alonso Neto 1986).
It can be deduced from Figure 1 that grain yield 
required a minimum evapotranspiration of 152 mm 
for winter wheat. This value is lower than the 
206 mm for dryland and irrigated wheat reported by 
Musick et al. (1994), and higher than the 84 mm for 
winter wheat on the NCP (Zhang et al. 1999), but 
very close to the 156 mm for wheat in the 
Mediterranean region (Zhang and Oweis 1999). 
The relationship between grain yield and biomass is 
fitted with a quadratic function in Figure 2. Grain 
yield increased with biomass until it reached a value 
of 15,000 kg/ha, and then remained more or less 
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BM = 35.01 ET – 992.24
R2 = 0.8011
Y = – 5.901 × 10–2 ET2 + 51.19 ET – 6.595 × 10–2
R2 = 0.79
Figure 1.  Relationships between growing season evapotranspiration (ET) and biomass (BM) and grain 
yield (Y) for winter wheat at Changwu. 
Table 5.  Photosynthesis rate (Pn) and relative photosynthesis (RPn)a of winter wheat plants under different treatments.b
a Relative photosynthesis is the ratio of photosynthesis rates in each treatment to the rate of the control treatment (HHHH)
b Data are the daily average value of measurements in 1996. Values are means of replicates for each treatment.
Variable Treatmentc
c See Table 2 for details of treatments
Date (day/month)














































































































These relationships also indicate that the highest 
biomass was associated with maximum 
evapotranspiration, but not with the highest grain 
yield, which was reached by appropriately 
controlling soil water content and limiting 
evapotranspiration and biomass.
 
Water use efficiency and harvest index
 




 under rainfed 
conditions (Table 3) and from 0.77 to 1.46 under 
the irrigated treatments. The level of WUE depends 
on the controlled ranges of soil water deficit at 
different stages. WUE in the high soil moisture 










 over the three years of the 
study), as expected from the information on yield 
and seasonal evapotranspiration. The lower values 
for treatment 12 arose because seasonal 
evapotranspiration was the highest recorded in any 
treatment, but yield was not.
WUE values in our study were higher than those for 




: Howell et al. 1995; 





) in the US Southern Plains (Musick et 





winter wheat in the Mediterranean region (Zhang 





) on the NCP (Zhang et al. 1999).
The harvest index was 0.24–0.29 under rainfed 
conditions and 0.25–0.45 under irrigated 
conditions, meaning that appropriate irrigation and 
controlled soil water content can increase harvest 
index. Maximum harvest index was recorded in 
treatment 15. However, under treatment 12 (a high 
soil water treatment), the harvest index was only 
0.25–0.33, much lower than under other irrigation 
treatments. This treatment resulted in high above-
ground biomass (Table 4), causing lodging in the 
late growing stage, with adverse effects on grain 
filling. Sheng and Wang (1985) found that high soil 
moisture content during the grain-filling stage may 
result in lower 1000-seed weight and grain yield. 
Other investigators (e.g. Zhang et al. 1998) have 
reported similar results; it has been well established 
that remobilisation of carbohydrate reserves from 
the stem and the leaf sheath is a key factor for grain 
filling. In wheat, low soil moisture content during 
grain filling may lead to better use of the carbon 
reserves in stems and sheaths (Palta et al. 1994; 
Ricciardi and Stelluti 1995).
Regression analysis indicated a quadratic 
relationship between WUE and seasonal 
evapotranspiration (Fig. 3). WUE reached its 
maximum value at a seasonal evapotranspiration of 
354 mm, then started to decrease with 
evapotranspiration. However, maximum WUE did 
not correspond to maximum grain yield (Figs 1 and 
3). When evapotranspiration is relatively low, water 
availability is the limiting factor for grain yield and 
an increase in evapotranspiration results in 
significant increases in both grain yield and WUE. 
However, the rate of change starts to decrease as 
evapotranspiration further increases. Once WUE 
reaches its maximum value, an increase in total crop 
water use could still lead to a marginal increase in 
grain yield, but WUE would decrease. For example, 
at the maximum WUE the grain yield was 4134 kg/
ha; a further increase of 20% in total crop water use 



























































Y = – 4.158 × 10–5 ET2 +1.204 ET – 4.190 × 103
R2 = 0.82
Figure 2.  Relationship between biomass (BM) and 
grain yield (Y) for winter wheat at Changwu.
 




terms, grain yield response to total crop water use is 
a diminishing-return function. Therefore, aiming 
for maximum grain yield under limited water 
resources is not economical and should not be 
encouraged. These results also indicate that it is 
possible to maintain relatively high grain yield and 
WUE by limiting the duration and severity of plant 
water stress under limited irrigation.
The relation between harvest index and seasonal 
evapotranspiration is also nonlinear (Fig. 3). 
Maximum harvest index, like maximum WUE and 
grain yield, did not coincide with maximum 
seasonal evapotranspiration but was recorded when 
the seasonal evapotranspiration was about 346 mm. 
Therefore, the maximum value of the harvest index 
is attained under an appropriate evapotranspiration 
deficit. 
The nonlinear curves fitted through the data in 
Figure 3 also indicate that WUE increases linearly 
with harvest index, in agreement with results from 
other studies (Austin et al. 1980; Perry and 
D’Antuono 1989; Siddique et al. 1989). Passioura 
(1977) and Fischer (1979) have suggested that in 
water-limited conditions a relatively high harvest 
index is needed to obtain high WUE. In our study, 
the highest harvest index occurred when 
evapotranspiration was about 70% of its maximum; 
the index then started to decrease with increasing 
evapotranspiration (Fig. 3). Improving the harvest 





Evapotranspiration, grain yield, biomass, WUE and 
the harvest index of winter wheat were all affected 
by controlled ranges of soil water content during 
growing seasons. Grain yield response to irrigation 
varied considerably due to differences in soil 
moisture content and irrigation scheduling between 
seasons. Evapotranspiration was highest under 
continuous high soil moisture conditions, as was 
above-ground biomass. However, grain yield was 
not the highest in these conditions, and WUE was 
relatively low due to inefficient use of the stored soil 
water. Maximum values of WUE and the harvest 
index occurred under appropriately controlled soil 
water conditions. WUE appears to increase linearly 
with harvest index; improvement in WUE under 
limited irrigation conditions is thus the 
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HI = –5.387 × 10–6 ET2 +3.727  × 10–3 ET – 2.765 × 10–1
R2 = 0.47
WUE = – 1.7547 × 10–5 ET2 + 
1.2426 × 10–2 ET – 1.0220
R2 = 0.43
Figure 3.  Relationships between seasonal evapotranspiration (ET) and water use efﬁciency (WUE) and harvest index (HI) 
for winter wheat at Changwu.
 




Appropriately limited irrigation and controlled 
soil water content level could lead to higher grain 
yield, WUE and harvest index. Compared to high 
water treatment, this practice has the advantage of 
lower above-ground biomass before flowering, 
greater net photosynthesis rates during grain 
filling, and larger grain yield. Hence, mild soil 
drying in the early vegetative growth period and 
severe soil drying in the maturity stage of winter 
wheat is an optimum limited irrigation regime in 
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This chapter describes how saline, sodic, acid and eroded soils are formed. Using simplified schematic diagrams
based on Australian examples, we illustrate the major processes involved and show how some soils may act as
precursors to land degradation. We use photographic examples from China to illustrate each degraded soil–land-









 degradation (soil salinity, sodicity, acidity 
and erosion) is the systematic decline in the quality 
of land resulting from a mismatch between land use 
and land quality. It is the consequence of different 
natural processes, but is usually accelerated by 
human activities. The result is declining function. 
Land undergoing degradation normally passes 
through three phases.
• Natural degradation is generally slow because a 
steady state develops between soil formation 
and soil degradation (usually loss). Natural 
degradation represents ‘inherent land quality’. 
• Induced degradation results from inappropriate 
land use and management. Soils decline in 
quality, but productivity can be maintained by 
applying artificial nutrients and by appropriate 
soil management. Induced degradation happens 
more quickly than natural degradation.
• Desertification occurs when the degree of 
degradation is such that the resilience of the 
land is impaired. In unmanaged systems, 
desertification is indicated by changes in the 
quality and quantity of biomass and the biota. In 
agricultural systems, the degree of productivity 
reduction normally sets the stage for 
abandonment of the land. This is particularly 
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the case when levels of productivity can no 
longer be economically maintained through 
management.
In several dryland areas in China and Australia, 
salinity, waterlogging, erosion (water and wind) 
and other forms of land degradation are becoming 
severe and are expected to worsen. For example, 
water quality is declining because salts, nutrients 
and sediments are being transported into rivers, 
streams and dams. Native ecosystems, especially 
wetlands, are under threat, with loss of habitat and 
declining biodiversity and soil function. There are 
many causes of environmental degradation, but in 
both China and Australia by far the most all-
encompassing is the clearing of native vegetation 
and its replacement with inappropriate agricultural 
practices. Improved agricultural production 
systems and restoration of native vegetation could 
help to restructure these landscapes to establish 
patterns of water use and ecological function similar 
to those of the original landscape before clearing. 
However, such restructuring depends on having a 
good understanding of the soil–water–landscape 
processes that are causing the problems.
The studies described in this volume summarise the 
results of a collaborative project between Chinese 
and Australian scientists to increase agricultural 
productivity and sustainability in certain regions of 
China and Australia. This chapter introduces the 
section on soils. It focuses on four major types of 
degradation—salinity, sodicity, acidity and 
erosion. The processes described are relevant to 
both Australia and China. The other chapters on 
soils focus on particular regions (Chapters 10, 12, 13 
and 14) or particular processes (Chapters 9, 11 and 
15).
In many areas, changes in components of water 
balance have led to severe changes in the physical 
and chemical characteristics of soils. In southern 
Australia, these changes occur particularly on 
duplex soils—soils that have an abrupt textural 
boundary between the top layers and the relatively 
impermeable subsoil layers. Such soils occupy 80% 
of the high- to medium-rainfall zones of southern 
Australia, which include some of Australia’s prime 
agricultural (crops, meat, wool, dairy) and 
horticultural lands, as well as major catchments for 
regional water supplies. Thus, degradation of soil 
and water resources poses serious threats to land 
use and to the quality of water harvested and stored 




Saline soils are those with relatively large amounts 
of soluble salts such as sodium chloride. Such soils 






Secondary salinity results from human activities 
such as irrigation and land clearing in areas that are 
not irrigated (dryland salinity) (Ghassemi et al. 
1995). Both primary and secondary salinity affect 
plant growth by causing dehydration. 
Saline soils form under different environmental 
conditions and thus have diverse morphological, 
chemical, physical and biological properties. There 
is no universally accepted definition for saline soils: 
Figure 1.  Primary salinity in northern Hebei Province, 
China.
 




the definition used depends on the discipline and 
the type of measurements taken. For example:
• hydrogeologists distinguish primary and 
secondary saline soils (e.g. Coram 1998; George 
et al. 1997a); 
• plant and soil scientists use the distribution of 
salt-tolerant plant species and/or the 
approximate range of soil electrical conductivity 
(EC) levels to distinguish slightly, moderately or 
severely affected saline soils (e.g. Allan 1996); 
and
• scientists in other disciplines may use: 
– measurements of pH (3.5–8.5), exchangeable 
sodium percentage, the sodium adsorption 
ratio and EC to identify sodic–saline soils 
(e.g. Soil Survey Staff 1987); 
– measurements of pH (> 9), presence of 
sodium carbonate and high EC to 
distinguish alkaline saline soils; and 
– pH (< 3.5), presence of sulfur and high EC 
to distinguish acid sulfate saline soils 
(Fitzpatrick et al. 1996). 
The definition is further complicated by the fact that 
salinity can be transient (i.e. not associated with a 
permanent saline groundwater table).
In Australia, most studies of salinisation processes 





 1997a; Coram 1998; Macumber 1991) 
or the processes occurring in sodic soils (described 
below) (e.g. Isbell et al. 1983; Naidu et al. 1995; 
Rengasamy and Sumner 1998; Shaw et al. 1998).
The soluble salts found in saline soils are of three 
types: chlorides, sulfates and carbonates. Most 
saline soils in Australia have high amounts of 
chloride salts (Isbell et al. 1983). However, in parts 
of the Mount Lofty Ranges (Fitzpatrick et al. 1996), 
Dundas Tableland and the North China Plain 
(Fig. 2) extensive areas of saline soils also contain 
sulfate salts (Fig. 1) and sulfides at depth (Fig. 2). 
Saline soils with high amounts of carbonates of 
sodium (sodium bicarbonate) may also occur and 
are usually associated with coarse-textured 
materials. These saline soils often exhibit a whitish 
surface crust when dry (Fig. 1).
High salinity (as defined by high EC) dehydrates 
plant cells because the dissolved salts decrease the 
osmotic potential of soil water. Water flows from 
the high osmotic potential (low salt concentration 
in plant cell) to low osmotic potential (high salt 
concentration in soil). Thus, plants cannot extract 
water from soil when the soil solution has a lower 
osmotic potential than the plant cells. The effect on 
plants is similar to drought stress, with reduced 
plant growth and often death. For many crops, 
yields are reduced when the soil extract EC reaches 
4 dS/m (US Salinity Laboratory Staff 1954) and 
decline proportionately as EC levels increase above 
that level. Some crops, such as sugar beets, are 
tolerant to EC levels between 4 and 8 dS/m. At an 
EC of 16 dS/m the growth and yields of most crops 
are affected. Figure 3 shows the hydrological 
processes and salinity development commonly 




Sodic soils, like saline soils, contain relatively large 
amounts of sodium, but in this case the sodium is 
present as ions, not as salts. A soil is considered to 
Figure 2.  Saline sulﬁdic (black mud) soil near 
Yangcheng Reservoir, coastal zone on the 
North China Plain, Hebei Province.
 




be sodic when the adsorbed sodium reaches a 
concentration where it starts to affect soil structure 
(Rengasamy and Sumner 1998). Sodic soils can 
result from drainage by erosion gullies or directly 
from the weathering of parent materials over 
thousands of years (Isbell et al. 1983).
Sodic soils have poor structure and low 
permeability, with adverse effects on plant growth 
(Fig. 2). Permeability allows water, gases (oxygen 
and carbon dioxide) and solutes to circulate easily to 
and from plant roots, which promotes plant growth. 
However, if a hard sodic dispersed clay layer occurs 
on the soil surface (Fig. 4) or close to the soil surface 
(e.g. the B horizon in Figs 3 and 5) it can act as a 
barrier to root development. The hard soil restricts 
root growth to either the cracks or topsoil above the 
claypan because movement of water, nutrients, and 
gases is too slow in sodic B horizons. In fact, when 
dry, the B horizon can be so hard that it is also a 
physical barrier to root penetration. The overall 
effect on plant growth is one of stress similar to that 
caused by extremely dry or saline conditions.
The rate and amount of downward percolation of 
salts are primarily controlled by soil texture and 
subsoil layer permeability. In coarse-textured 
horizons, water flows more quickly and the average 
pore diameter is larger than in fine-textured soils. 
Decreased water storage is directly related to 
greater pore diameter. As a result, deep percolation 
of water and salts is more likely to occur in coarse-
textured soils. In some localities in Australia and 
China, relatively coarse-textured soils overlay 
impermeable sodic clay horizons. Under these 
circumstances, percolation leads to lateral flow of 
water and solutes along the surface of the 
impermeable layers. If the contact between the two 
different layers approaches the soil surface along a 
hill slope, as often happens, the laterally moving 
water will create a wet spot that eventually becomes 
saline as the water is evaporated (Fig. 6).
Figure 3.  Hydrological processes and salinity development commonly found in cropping systems in Australia (from 
Fitzpatrick et al. 2001).
 






Transient salinity is the term used for salinity that is 
not associated with a permanent saline groundwater 
table. Different forms of transient salinity are 
expressed in the subsoil and at the soil surface.
 
Transient salinity with subsoil expression
 
A recent survey of sodic soils in the South 
Australian wheat growing regions indicated slow 
accumulation of salts in the subsoil layers in small 
amounts that could be detrimental to crops. This 
phenomenon of ‘subsoil transient salinity’ in the 
root zones of sodic soils is different from the 
‘secondary’ or ‘seepage’ salinity found in 
association with rising saline groundwater tables 
(Rengasamy and Sumner 1998; Shaw et al. 1998). 
When the upper layers of soil are sodic, water 
infiltration is very slow, because dispersed clay clogs 
soil pores. If the subsoils are sodic, downward 
movement of water is restricted, causing temporary 
waterlogging in the subsoil and the development of 
a ‘perched watertable’. Salts accumulate above the 
perched watertable during the wet season and in the 
sodic subsoils following drying, due to water uptake 
by plant roots and evaporation. Although the rate of 
salt accumulation is not great, over time it can be 
detrimental to crops. Subsoil transient salinity 
fluctuates with depth and with season as the balance 
between downward and upward fluxes changes.
Generally the accumulated salts in the cereal-
growing regions of southern Australia are sodium 
chloride. However, these salts may also include 
sodium carbonate and bicarbonate when soil 
becomes alkaline with a pH > 9.0 (i.e. alkaline-
sodic saline soils) Studying salt accumulation in 
sodic subsoils in more detail will allow us to model 
this phenomenon and predict when and where it 
will occur.
 
Transient salinity with surface expression
 
The most extreme case of salt accumulation occurs 
when  values range from 4 to 60 dS/m at the soil 
surface, often with salt efflorescences. These high 
levels of salt prevent crops from growing and can 
make the soil susceptible to scalding and erosion. 
This salinity is due to the localised mobilisation of 
salts by throughflow above slowly permeable sodic 
B horizons to topographic depressions. This so-
called ‘surface soil transient salinity’ can occur in a 
variety of soil types and at all positions in 
undulating landscapes. It was first reported locally 
by Herriot (1942) and is commonly referred to as 
‘magnesia’ patches in South Australia because of the 
Figure 4.  Sodicity development in surface soils. (Note 
damage to root development under the 
hard, dense, slowly permeable plate.)
Figure 5.  Sodic subsoil formation. (Note that root 
development is restricted to the A1 horizon 
because roots ﬁnd it difﬁcult to penetrate 
the prismatic Bt horizon.)
 




presence of high magnesium, as well as sodium (in 
other words, magnesium is a natural part of the 
evaporation sequence). 
 





Primary salinity is caused when salts leach from the 
soil due to natural processes, eventually leading to 
the accumulation of salts in the groundwater, 
sometimes at levels of 2000 to 20,000 mg/L (Fig. 6). 
As long as the watertable is below 5 m, saline 
groundwater does not usually affect vegetation. 
Primary highly saline soils are usually found in foot 
slopes and topographic depressions, and near 
springs where the saline groundwater is naturally 
shallow (less than 1.5 m deep) (Figs. 1 and 6). 
 
Salt stores in the regolith
 
Over many thousands of years, salt has been 
accumulating in older landscapes from the large 
quantities (20–200 kg/ha/year) of salt blown in 
from the ocean by wind and rain (e.g. Hingston and 
Gailitus 1976; Peck and Hurle 1976). In addition, 
salts have been generated by the weathering of rocks 
during soil formation and the leaching of connate 
salts trapped in the original sediments. For any 
particular situation, however, salinisation processes 
will depend on geology, climate, vegetation and 
changes superimposed by agriculture. For example, 
before agriculture in Australia, salts were leached 
down the profile by rain and accumulated within or 
below the root zones of native vegetation (Allison et 
al. 1990; Figs 3 and 6). In semiarid conditions there 
was not always sufficient rainfall to leach all 
incoming salts to the groundwater. The clay layers 
in deep subsoils often hindered the movement of 
water and salt, and a ‘bulge’ of salt accumulated at 
depths of 5–10 m (Fig. 6). Groundwater tables were 
usually 30 m or more below the surface and the 
quality of groundwater was frequently good 
(< 2000 mg/L salt). This is the present situation in 





Secondary salinisation often follows land clearing, 
which causes groundwaters to rise and areas of 
primary saline soils to expand (Fig. 6). In Australia, 
the introduction of agriculture and the replacement 
Figure 6.  Landscape salinity, illustrating the development of primary salinity, salt bulges, subsoil transient salinity, 
surface soil transient salinity and secondary salinity (from Fitzpatrick et al. 2001).
 




of perennial native vegetation with annual species 
have resulted in increased drainage, thereby 
disturbing the existing equilibrium of groundwater 
levels. This may ‘recharge’ the groundwater, 
resulting in raised groundwater pressures in low-
lying discharge areas. The increased recharge may 
then discharge into low-lying areas and rivers (e.g. 
Wood 1924; Dyson 1990; Nulsen 1993; George et al. 
1997b). At 2 m depth, the rate of salinisation is such 




Salinity can occur through capillary rise from 
deeper (7 m) saline groundwater tables on silt loam 
soils. As water moves into the upper layers there will 
be a net mass flow of salt in solution in addition to 
capillary action bringing salts higher in the profile, 
closer to the evaporating surface or plant roots. This 
type of salinity is usually called seepage salinity. 
Over the past four decades it has affected an 
estimated 2.5 million ha of land and is predicted to 
increase fourfold over the next three to four decades 




Soil acidity is a severe soil degradation problem that 
can greatly reduce the production potential of 
farming systems. Most occurs in productive 
agricultural zones. It causes production losses 
within paddocks, and also long-term and offsite 
effects, including:
• poor water use by plants (leading to higher 
recharge and erosion); 
• increased leaching of nutrients and aluminium; 
and 
• the irreversible breakdown of layer silicate 
minerals in soils.
Soil acidification can be determined by assessing the 
pH of a soil, which determines the concentration of 
hydrogen ions or acid in the soil. The pH is 
measured using a logarithmic scale: soils at pH 7 are 
neutral, those of pH < 7 are considered acidic. Soil 
acidity is not thought to restrict the growth of most 










Development of acidity in soils is a natural process, 
especially in the high rainfall regions of southern 
Australia. Some soils are inherently acidic because 
of the high rates of leaching in these regions. Even 
in lower-rainfall cropping areas, some soil types 
have become acidic because they have no free lime 
in the profile. As soils become more acidic, plants 
and crops that cannot tolerate acidic conditions do 
not flourish, so productivity and yields decline. 
When conditions become severely acidic (e.g. 
pH < 4, such as in inland acid sulfate soils), 
biogeochemical processes start to break down the 
layer silicates in the soil, releasing aluminium, iron 
and manganese. This may lead to mineral toxicities 
and nutrient imbalances.
The natural rate of acidification is accelerated by the 
use of acidifying fertilisers, nitrogen fertilisers, the 
removal of agricultural products and nitrate 
leaching. The management of soil acidity involves 
the following requirements at the farm level:
• recognising paddock indicators of soil acidity
• monitoring soil pH
• knowing crop and pasture tolerances to acidity
• treating paddocks that have acidity problems.
Acid soils can be ameliorated by applying liming 
material or other types of neutralising agent, 





Soil erosion by wind and water is a worldwide 
environmental problem that seriously threatens 
sustainability of agriculture. A recent study showed 
that the direct and indirect annual cost of erosion 
may be as high as $400 billion worldwide. This 
 




translates to roughly $80 per year for every person 
on Earth. Some of the most eroded regions of the 
world—including the Loess Plateau in China (e.g. 





Li and Lindstrom 2001; Figs. 7 and 8)—are 
located in semiarid areas where drought is a serious 
threat to sustainable agriculture.
The Loess Plateau is the thickest, most complete, 
loess deposition in the world (Figs. 7 and 8). The 
formation of the Loess Plateau is in essence the 
process of loess accumulation. Loess deposits and 
the Paleosols contained in them have a loose and 
porous structure, which has frameworks composed 
of sands and other coarse particles, filled with fine 
particles and microaggregates and strengthened by 
clayey materials. Such a porous medium is very 
susceptible to water erosion if not protected by 
plants. This is why soil and water losses are so severe 
in the Loess Plateau region. Without the protection 
of vegetation and stabilisation by root systems, 
raindrops impact and destroy the porous soil 
structure and cause a dramatic decrease in soil 
permeability. Improper tillage practices have also 
damaged the soil structure and reduced soil 
resistance to water erosion, often leading to severe 
soil erosion. Removal of natural vegetation and 
inappropriate land use leads to reduced soil 
permeability and an increase in soil water erosion. 
This is the main reason for high sediment loads in 
the Yellow River. Consequently, severe soil erosion 
is not a geological process, but a result of improper 
land use.
In areas with high erosion due to improper land use, 
research on wind erosion (Fig. 9) and water erosion, 
and on soil and water conservation and dryland 
farming, have led to the development of agricultural 
systems that could be sustainable. For example, 
comprehensive management schemes and 
reforestation of watersheds can result in water 
conservation and reduced wind and water erosion. 
Such improved productivity will raise farmers’ 
income. The Loess Plateau is an example of this type 
of approach.
Figure 7.  Erosion gullies on the Loess Plateau, China.
Figure 8.  Erosion gullies and terrasetts on the Loess 
Plateau, China.
Figure 9.  Wind erosion in northern Hebei Province, 
China.
 




In southern Australia, various incision and 
deposition cycles of sheet and streambank erosion 
have occurred in high winter rainfall areas 
(> 600mm) (Fitzpatrick et al. 1996). These erosion 
features may be associated with sodic soils 
(Natraqualfs or solodised solonetz soils) 
undergoing recent alteration caused by rising 
saline–sulfatic groundwater tables due to land 
clearing following European settlement 
approximately 120 years ago. Surface and 
subsurface pedological features, soil chemical, 
physical and hydrological measurements and 
remote sensing were used to study the age, onset 
and development of erosion in several key 
catchments in southern Australia (e.g. Prosser 
1996). Aquic, saline and sulfidic conditions occur in 
seepage areas where saline and sulfatic groundwater 
rises to the surface from semiconfined aquifers. The 
almost bare surface that is formed is subjected to 
drastic alteration of soil structure during cycles of 
drying and wetting (Fitzpatrick et al. 1996). On 
drying, salts and iron minerals concentrate and 
crystallise at the surface by evaporation to form 
cemented impermeable soil materials. On wetting, 
salts are dissolved by rising groundwater and 
overland flow occurs. Rising saline water also 
flocculates clay particles, giving rise to low soil 
strength in the topsoil. 
Saline sulfidic soils form in seepage areas with saline 
sulfatic aquifers and shallow watertables. The high 
sulfide and salt concentrations lead to the complete 
breakdown of soil structure and soil strength. 
Consequently, such seepage areas are highly prone 
to sheet erosion. Sheet erosion is produced by 
overland flow and controlled by salt concentration, 
which restricts the growth of the vegetation cover 
and reduces the structural stability of the topsoil. 
The saturated zone increases up the slope because 
of increased throughflow and overland flow and 
restriction of throughflow. The reasons for the 
restriction in throughflow include rising saline/
sulfidic groundwaters, clay dispersion and iron 
oxide blockage of soil pores. Such conditions give 
rise to accelerated sheet erosion, which forms 




The three most important features that cause saline 
soils to differ are:
• hydrological status (presence or absence of 
groundwater);
• natural (primary) or induced (secondary) 
status; and
• soil chemical status (sodicity or type of soluble 
salt).
Several workers have attempted to categorise 
dryland saline soils using hydrology and water 
status (e.g. SCAV 1982 and Williams and Bullock 
1989). We have further modified this concept and 
also included soil chemical status (Fig. 10). The 
important soil chemical features are halitic (sodium 
chloride dominant), gypsic (gypsum or calcium 
sulfate dominant), sulfidic (iron pyrite dominant), 
sulfuric (sulfuric acid dominant), and sodic (high 
exchangeable sodium on clay surfaces). Most of 
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Figure 10.  Categories of dryland saline soils as deﬁned by hydrology, soil water status and soil chemistry (from Fitzpatrick 
et al. 2001).
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Soil degradation (salinity, sodicity, waterlogging and acidity) in the high rainfall catchments in the Mount Lofty
Ranges and Dundas Tablelands is a growing concern to property holders because of the rapid increase in water-
logged saline scalds. The objective of this study was to develop a systematic approach to constructing soil–
regolith models that describe, explain and predict soil–water landscape degradation processes in a specific
region. 
The ‘descriptive model’ uses toposequences (soil landscape cross-sections) to describe the basic soil–regolith fea-
tures and direction of soil water and solute movement. Here, we suggest that it is also necessary to produce mod-
els to explain and predict the relationships and behaviour of the soil–regolith system under study. Such models
could explain and predict the processes giving rise to the vast range of complex and poorly understood saline,
sodic and acid sulfate soils in catchments. Toposequence and catchment scales are the most suitable for con-
structing such models because each of the vertical and lateral changes can be linked to hydrological, physico-
chemical and biomineralogical processes. 
This chapter describes several case studies that illustrate how the different types of soil–regolith model have been
used to describe and predict degradation processes in salt-affected soils and adjacent stream waters, and to assist
in generating maps at catchment and regional scales using geographic information systems. They have also been
used to produce soil–landscape and vegetation field keys, which provide details of land-use options that can help
to prevent the irreversible spread of saline and sodic conditions.
* CSIRO Land and Water/Cooperative Research Centre for Landscape Environments and Mineral Exploration, PMB 2, Glen Osmond, SA 
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 questions frequently asked by the users of 
land resource information are:
• What soil properties are changing spatially with 
time? 
• What are the most suitable approaches for 
characterising, monitoring, predicting and 
managing soil changes?
• What tools are required to make suitable 
predictions about soil and landscape conditions 
and sustainable land use? 
• To what extent do soil processes and soil 
management influence water quality?
These four questions can be solved by integrating 
pedological, hydrological, biogeochemical and 
mineralogical data to develop various types of 
models that can identify and predict soil-landscape 
processes. This information can then be used to 
underpin and develop strategies for managing both 
spatial and temporal soil changes. Pedology is an 
integrative and extrapolative science because it 
builds an organisational framework to quantify and 
explain spatial variability within landscapes. It also 
provides a template, via mechanistic models, to 
understand biogeochemical processes at regional 
and global scales. Consequently, pedology provides 
an excellent framework for the extrapolation of 
spatial variability from detailed components of soils 
(hand specimens and horizons) to soil profile, 
toposequence, catchment, regional and global 
scales.
The objective of this chapter is to discuss the 
toposequence approach as a vehicle for presenting 
results of spatially-based conceptual models that 





 to assess catchment-scale 
variability of saline, sodic and acid sulfate soils 
in order to develop practical solutions for 





 to understand the 
relationships and behaviour of saline soil 
processes (including potential saline and acid 
sulfate soils) that can take into account changes 





 to predict changes in saline 
soils caused by drainage (e.g. erosion), which 
result in development of either sodic or acid 
sulfate soils.
 








Initial work was based on soil sampling and 
fieldwork in the Herrmann subcatchment near 
Mount Torrens, about 50 km northeast of Adelaide, 
South Australia (Fritsch and Fitzpatrick 1994). The 
Overview provides some background on the region 
and Figure 5 of the Overview shows its location. 
Figure 1 of Chapter 21 shows the location of the 
areas concerned. The landscape of much of the 
study area is undulating low hills; the altitude ranges 
from 400 to 500 m and local relief from about 30 to 
50 m. The climate is Mediterranean, with most rain 
falling in winter (May to September) and hot, dry 
summers (December to February).
 
Soil–regolith models to describe, explain 
and predict landscape degradation
 
Salt-affected and waterlogged soils form under 
different environmental conditions and have 
diverse morphological, chemical, physical and 
biological properties. These soils can be grouped 
based on the types of electrolytes causing the 
salinity or their chemical and physicochemical 
properties (Szabolcs 1991). Three main types of 
characteristics are used:
• salt content, composition and distribution in the 
profile and (in some cases) also in the 
groundwater;
• exchangeable sodium percentage and sodium 
adsorption ratio (sodic soils); and
• pH conditions and the existence of sodium 
carbonate (alkaline sodic and saline soils).
Of all the continents, Australia has the highest 
proportion of salt-affected soils in relation to total 
surface area (Szabolcs 1991). Sodic and saline soils 





respectively (Northcote and Skene 1972). The 
sodic:saline ratio of 5.17 is 4.4–10.3 times that 
reported for other continents, and is consistent with 
the high proportion of sodium present in soil 
solutions and groundwaters. In Australia, most 
sodium-affected soils are the result of past 
inundations by brackish water, possibly 














 ratios are high.




 on clay dispersion are 
most pronounced in the B horizon of dense alkaline 
subsoils, which comprise over 86% of Australian 
sodic soils (Northcote and Skene 1972). The impact of 
soil sodicity on the environment is an important land 
degradation issue in Australia. Both primary and 
secondary sodification can cause undesirable changes 
in soil structure, severe hillslope erosion, waterlogging 
and erosion of downstream watercourses.
Generally speaking, Australian soil-landscapes are 
extremely variable and complex; this is partly due to 
the great age of much of the continent. In adjacent 
landscape positions, one can be confronted with 
deeply weathered soils that contain ancient stored 
salt juxtaposed with very youthful soils on partly 
weathered rocks that are generating salt as a result of 
contemporary weathering processes. Much work has 
been done on the hydrogeology of dryland saline 
areas and soil sodicity, but there is little published 
material on the development of comprehensive 
biogeochemical and physical process models of 
saline and acid sulfate soils. One reason for the lack 
of data is that, until recently, saline and acid sulfate 
soils were not considered suitable for agricultural 
production. There is also little published information 
on the dynamics of saline, sodic and acid sulfate 
soils, in particular whether the changes are reversible 
if saline soils develop into sodic soils after drainage. 
Soil–regolith models are a simplification or 
abstraction of the processes that may occur in a 
particular toposequence system under study so that 
the information can be more easily handled either 
manually or mentally for a specific purpose (e.g. 
Dijkerman 1974). Several kinds of simplification or 
abstraction may be used; for example, in creating 
 




models that describe, explain or predict particular 
aspects of soil–regolith processes. Because more than 
one kind of simplification or abstraction is often 
used to design models, different models are not 
necessarily mutally exclusive. Here, we will show that 
the descriptive model is the precursor or framework 
for developing the explanatory model, which in turn 
is used to help develop the predictive model. 
 
A systematic approach to describe topo-
sequences: descriptive soil–regolith models
 
Chapter 21 provides a summary of how we 
described soils in toposequences and linked these 
soil-landscape features to the main soil and water 
processes operating within the landscape via 
toposequences.
In the toposequence shown in Figure 1, red soils of 
the middle and upper slopes principally have better 
drained, sandy and loamy A horizons overlying 
clayey B horizons (Palexeralfs). Lower slopes, 
terraces and valley floors frequently have more 
poorly drained, yellowish sodic (Natrixeralfs) and 
alluvial soils (Entisols), and wet, grey coloured soils 
(Aquents) in groundwater discharge areas. Discharge 
areas frequently support perched wetlands.
 
Soil colour as a key indicator in developing 
descriptive soil–regolith models
 
Soil colour can provide a descriptive indicator of 
redox status, and this relates to soil aeration, 
organic matter content and fertility. As described by 
Fitzpatrick et al. (1999b) and others, indicators of 
Top layer colour (drainage)
Bottom layer colour (drainage)
Brown (freely drained)
Faint reddish brown (moderately drained)
Faint grey (poorly drained)
Grey with red stains (very poorly drained)
Yellowish red and red (freely drained)
Dark red and purple (freely drained)
Yellow (moderately drained)






Figure 1.  Descriptive soil–regolith model showing direction of perched fresh water ﬂow and ground water ﬂow. 
Modiﬁed from Fritsch and Fitzpatrick (1994).
 




good soil conditions for most forms of plant growth 
include the following:
• dark brown colours near the surface, often 
associated with high levels of organic matter, 
well-aggregated soil and above-average nutrient 
levels; and
• bright yellowish and reddish colours in subsoils, 
usually indicating oxidised conditions, 
suggesting good drainage. These coloured iron 
oxides also contribute to soils having good 
aggregation because of their strong surface 
charge properties. Aggregated soil materials are 
porous and contain sufficient air and water for 
root development.
Descriptive indicators of poor soil conditions 
include:
• mottles (blotches or specks) with dull yellow 
and orange colours in a grey, bluish or olive 
coloured material, indicating prolonged lack of 
soil aeration (seasonal or permanent 
waterlogging);
• rust-coloured specks and iron precipitates along 
fine roots, indicating prolonged or permanent 
waterlogging;
• very pale grey or white colours, indicating 
possible considerable leaching, low organic 
matter and low fertility;
• pale dense subsurface layers overlying dense 
clays (usually with mottled colours), indicating 
a perched watertable on the clay; and
• black mottles with the smell of hydrogen sulfide 
or mercaptan gases, which develop through 
anaerobic decay of organic matter, indicating 
severe waterlogging.
Figure 1 shows the distribution of these soil colour 
indicators in a toposequence.
Across large areas, it is expensive to monitor 
watertable depths (using piezometers or dipwells) 
to estimate water duration in soils. The field 
instrumentation installed down the toposequence is 
used to verify and quantify pathways and loads of 
water flow. Soil colour is a useful indicator for 
recognising and delineating waterlogged soils. Some 
visual indicators are obvious (e.g. occurrences of 
thick black accumulations of organic matter on soil 
surfaces), but some are more subtle (e.g. subsoil 
mottling patterns). Subsoil waterlogging can occur 
without any evidence on the surface. In Figure 1, we 
used mostly soil colour (together with other 
morphological, chemical and mineralogical 
indicators) and hydrology measurements (Cox et al. 
1996) in the toposequence to construct the two-
dimensional linkages that describe water flow paths 





The descriptive model (Figure 1) was used to 
construct the explanatory soil-landscape model, 
which attempts to explain the contemporary 
geochemical dispersion and erosion processes 
present in the lower parts of the toposequence 
(Fig. 2).
In the catchments of the Mount Lofty Ranges and 
the Dundas Tableland, the codominant anions in 










Chapter 11 describes the type of land degradation 




Development of potential acid sulfate soils
 
In many parts of inland Australia, the saline 





, which can seep up 




























concentrates by evaporation and forms various 
mineral precipitates within and on top of the soil 
(Figs 2 and 3a). The combination of rising sulfate-
rich groundwaters, anaerobic conditions associated 
with saturated soils, agricultural activity and a 
 




fractured rock geology rich in iron and sulfur can 
lead to the formation of saline soils with potential 
and actual acid sulfate soil conditions (Fitzpatrick et 
al. 1996, 2000). If the soil is wet and contains 
sufficient organic carbon, anaerobic bacteria use the 





 ions during the 
assimilation of carbon in organic matter. This 




) and forms ‘sulfidic 
materials’. The pyrite-enriched soils are termed 
potential acid sulfate soils because they have all the 
ingredients necessary to produce acid sulfate soils 
(Figs 2 and 3a). 
 
Development of acid sulfate soils
 
Acid sulfate soils result when activity from animals, 
drainage works or other disruptions exposes the 
pyrite in the previously saturated soils to oxygen in 









) and various iron sulfate-rich 
minerals, and acid sulfate soils form (Fig. 3b). 
When sulfuric acid forms, the soil pH can drop 
from neutral (pH 7) to less than 4 (we have 
measured values as low as 2) to form a ‘sulfuric 
horizon’ (Fig. 3b). The sulfuric acid dissolves the 
clay particles in soil, causing basic cations and 































), trace elements, and metal ions such 
as iron and aluminium to be released on the soil 
surface and in stream waters.
As the regolith structure declines due to the 
accompanying sodicity, soils become clogged with 
clay and mineral precipitates and lose their 
permeability and groundcover. This prevents the 
groundwater below from discharging and forces it to 
move sideways or upslope (Fig. 3b). Soil around the 
clogged area eventually erodes, sending acid, metal 
ions and salts into waterways and dams, while a new 
area of potential acid sulfate soil develops upslope or 
adjacent to the original acid sulfate soil zone. If 
pugging by cattle or other activities continue to 
disturb the soil around the newly degraded area, it 
continues to expand (Fig. 3b). Bare, eroded, saline 
scalds surrounding a core of slowly permeable, 
highly saline, eroded acid sulfate soils (Fig. 3c) occur 
if these processes express on the surface of the soil. 
These saline landscapes are characterised by slimy 
red or white ooze and scalds with impermeable iron-
rich crusts, and have been reported in South 
Australia, southwestern Victoria (Dundas 
Tableland), the Western Australian wheatbelt, the 
Figure 2.  Explanatory soil–regolith model showing geochemical dispersion and erosion processes in saline landscapes 
and formation of secondary sulﬁdes in potential acid sulfate soils in a perched wetland and actual acid sulfate 
soil along drainage lines.
 




Yass valley in New South Wales and southeastern 
Queensland. While these reports suggest that saline 
acid sulfate soils are widely spread, the full extent, 
nature and severity of the problem are still 
unknown. This is because the discovery of saline 
inland acid sulfate soils is relatively recent 
(Fitzpatrick et al. 1996), although the problem has 
been studied in coastal areas since the 1980s.
 
Development of saline soils
 
In Australia there are extensive areas of naturally 
saline soils. The secondary saline soils that form 
following land clearing are more closely associated 
with processes leading to dryland salinity. Most of 




 as the 




 as the dominant cation 
(Fig. 4a). The accumulation of this stored salt is 
generally believed to originate from the ocean via 
rainfall and marine deposition in earlier geological 
periods (Isbell et al. 1983). Following the clearing of 
upland areas, saline seepages develop rapidly on 
slopes because of rising saline groundwater tables. 
When saline soils dry out, halite (sodium chloride) 
is often the main salt efflorescence formed (Fig. 4a). 
However, there is little information available on the 
nature of the soils and the salts that they contain.
 
Changes in salinity and development of 
sodicity
 
Sodic soils are believed to have developed from 
saline soils by freshwater leaching. Secondary sodic 
soils are known to develop from the drainage of 
saline soils (Fig. 4b). However, the formation of 
‘naturally’ sodic soils is more uncertain: such soils 
could have formed directly from the weathering of 
certain parent materials thousands of years ago and 
may not necessarily have developed from saline 
Perched wetland
(undrained)



















































Figure 3.  Predictive soil–regolith model showing the progressive transformation of saline potential acid sulfate soils in a 
perched wetland, via actual acid sulfate soils to eroded highly saline acid sulfate soils.
 




soils (Isbell et al. 1983). A case study conducted in 
the Mount Lofty Ranges of South Australia 
illustrated that a sodic soil with an exchangeable 
sodium percentage of more than 15% could develop 




 > 8 dS/m) when it was 
drained following the formation of a nearby erosion 
gully. Figure 4b illustrates freshwater leaching of a 
saline soil (Fritsch and Fitzpatrick 1994). The 
studies in the Mount Lofty Ranges have 
demonstrated the important interrelationships 
between salinity and sodicity in the context of soil–
water–landscape processes and the flocculation and 
dispersion of clay particles (Fitzpatrick et al. 1994).
 
Changes in the mobility of colloids and clays
 
Freshwater throughflow in loamy or sandy surface 
horizons of drained saline soils in discharge areas 
leads to the development of sodic layers and to 
lateral movement of colloids into streams (Fig. 4b; 
Fitzpatrick et al. 1994). Such processes usually 
predominate in texture-contrast soils (duplex soils) 
in which dense, sodic, columnar B horizons (Btn, 
where ‘B’ is the subsoil horizon, ‘t’ indicates clay 
accumulation and ‘n’ a sodic condition) occur. 
These layers restrict the downward movement of 
water, leading to waterlogging, tunnel erosion and 
enhanced lateral movement of water as surface 
runoff and as shallow groundwater flow in sloping 
land. Eventually a saline scald is formed (Fig. 4c).
 
Changes in decomposition and 
transformation rates of soil minerals
 
When saline soils are leached, salt efflorescenses on 
the soil surface are dissolved (Fig. 4b). Salt crystals 
develop at depth in sodic soils where saline ground-
water discharges through the subsoil clay layer into 
the gully. This causes the banks to erode (salt 
weathering; Figs 4b and 4c). As shown in Figures 3a 
and 3b, when the potential acid sulfate soils undergo 
changes, different salt and iron minerals form 
because of differences in pH and salt concentrations 
(Fitzpatrick et al. 1996; Fitzpatrick and Self 1997). In 
the final stage of the acid sulfate soil formation, a 
hard soil layer remains, with few salts (Fig. 3c).
The acidification process accelerates the 
decomposition and formation of minerals in the soils 
and underlying rocks and can cause an increase in 
salinity and carbonate (Fitzpatrick and Merry 1999). 
Where salinity has surface expression, unsightly 
scalds develop; they are devoid of vegetation and 
contribute to poor quality water in the catchment.
 
Changes in greenhouse gas emissions
 
Saturated, saline soils are potential sources of 
greenhouse gases that have not been adequately 












Figure 4.  Predictive soil–regolith model showing the progressive transformation of saline soils, via sodic soils, to saline 
soils in salt scald.
 




used geographic information systems (GIS) to 
estimate that more than 10% of the area was strongly 
waterlogged and poorly drained, and a further 27% 
periodically waterlogged. A high proportion of the 
area was also characterised by saline discharge or 
potential acid sulfate soils. Depending on seasonal 
conditions, redox status and the nature of 
groundwaters (sulfidic, sulfatic or oxygenated), 
greenhouse gases such as carbon dioxide, nitrogen 
oxides and methane may be emitted. Drainage of 
these sites may decrease production of these 




A systematic approach has been developed for 
constructing soil–regolith and water process 
models, which describe the toposequence system 
under study (descriptive model), and explain or 
predict the relationships and behaviour of the 
toposequence system under study (explanatory and 
predictive models). These models can be useful in 
generating maps at catchment and regional scales 
using GIS (see Chapters 11 and 21), and in 
producing practical soil-landscape and vegetation 
field keys from which to determine land-use options 
for preventing the irreversible spread of saline and 
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Assessment of a Small 


























The Loess Plateau is being redeveloped to achieve a healthy ecosystem. Taking a small watershed as an example,
this study used an analytic hierarchy process to identify different land uses, soil characteristics, crop yield and
income for assessment of ecosystem rehabilitation. Various physical and social indicators were also analysed on
the catchment scale. The results showed that after about 20 years of soil conservation and restoration, the ecosys-
tem health index of the watershed had improved from 0.178 in 1985 to 0.707 in 1999. The research introduced
several new indicators (soil organic content, soil antiscourability, total income from industry and off-farm, and
the efficiency of integrated control measures in decreasing soil loss) of physical characteristics of soil and sug-
gested how these indicators should be weighted for calculation of the ecosystem health index. 
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 erosion is a serious worldwide environmental 
problem and a major threat to the sustainability of 
agriculture. The Loess Plateau, with its deep, loose 
loess (a loam deposited by wind), is continuously 
losing soil and productivity due to severe soil 
erosion. Aware of the extent and severity of the 
problem, the Chinese government is promoting 
measures to control soil erosion and establish a 
healthy ecosystem in the Loess Plateau region. A 
successful approach is to focus on a small watershed 
that can act as a model for the development of similar 
watersheds. For example, three projects in the Zhi 
Fanggou catchment, each spanning five years, have 
produced significant economic, social and ecological 
benefits (Liu 1999). However, there is still no 
established method for assessing ecosystem health. 
Soil is a major ecosystem component, so its charac-
teristics and dynamics are a useful index of health 
(Walker and Reuter 1996; Liu Guobin et al. 1999). In 
this study, we selected a catchment that had been 
managed for several years and measured several soil 
physical and chemical properties. We also developed 
a method to assess the health of the catchment.
The Zhi Fanggou catchment lies in the central area 
of the Loess Plateau in northern Shaanxi province. 




 ranging from 1000 to 
1350 m in altitude. Figure 4 of the Overview shows 
the main locations on the Loess Plateau. 
There are significant topographic variations within 
the study area, with typical loess hills and gully 
landforms; 32% of land has a slope of more than 
35°. The land is a mosaic of slope cropland, fallow 
land, grassland, shrubland, orchard land and 
































). The grassland is mainly 
































) in orchards. Some land became 
fallow about two to three years ago when cultivated 
plots were abandoned.
The region has a semiarid continental climate with 
an average annual temperature of 8.8°C. Monthly 
mean temperatures range from 22.5°C in July to 
–7°C in January. Average annual precipitation is 
485 mm, with 60% of rain falling between July and 
September. On average, there are 159 frost-free days 
and 2415 hours of sunshine each year.
Thick soils develop on loess parent material, 
averaging 50–80 m. The most common soil type in 
the catchment is loess with the texture of fine silt. 
The soil has little resistance to erosion and is being 











Twenty plots of different land-use types in the Zhi 
Fanggou catchment were selected in 1999. Table 1 
shows the basic characteristics of the plots. Soil 
samples were taken for five layers at 10 cm intervals, 
from the soil surface to a depth of 50 cm. Soil 
antiscourability (the ability to resist detachment), 
stable rate of infiltration of water, aggregate stability 
and organic matter content were measured in these 
samples. Cohesion of surface soil when saturated 




Soil antiscourability was measured by a washing 
method (Liu 1997), using specialised equipment 
referred to as an ‘antiscouring mini-flume’ (Fig. 1). 
Soil was placed in a groove and scoured with water 
at a rate of 1.4 L/minute, based on the premise that 
all the rainfall at 2 mm/minute (the maximum 









 would be lost as runoff. The soil sample 
was saturated before washing and the slope of the 
groove was regulated according to the selected plot. 
 




Four samples were taken at each of the five layers. 












 is total 













The soil infiltration rate was tested using an 
infiltration cylinder 12 cm in height and 10 cm in 
diameter. Soil samples were saturated for 12 hours 
before measurement and a constant head of water of 
2 cm was maintained during measurement. The 
outflow was measured at three-minute intervals until 
the infiltration rate stabilised. Fifteen soil samples 
Table 1.  Basic characteristics of the experiment plots.
Land-use type Vegetation type No. of plots Topography Sampling date (1999)
Cropland Foxtail millet 1 Steep slope 30 April–28 May
23–31 August
9–22 October
Potato 3 Steep slope, terrace, gentle 
slope
Pearl millet 3 Gentle slope1, steep slope2
Soybean 2 Gentle slope, steep slope
Corn 1 Terrace
Woodland Poplar, acacia 3 Slope 29 June to 7 August
Shrubland Caragana korshinskii 3 26 June to 14 August
Human-made 
grassland







3 13 July to 7 August











were taken (three repeats in each of five layers). Soil 



















































Aggregate stability was tested used a modification of 
the Yoder method (Zhu 1989). A set of sieves 
(5 mm, 2.5 mm, 1 mm, 0.5 mm and 0.25 mm) was 
prepared with larger mesh at the top and smaller 
mesh at the bottom. The saturated soil sample 
(wetted by capillary water to remove air in the soil) 
was placed in the sieves, which were then immersed 
in water and shaken for one minute. The aggregate 
in each sieve was weighed and the percentage of 
each particle class calculated. Mean weight diameter 
(MWD) of aggregate stability (Le Bissonnais 1996; 





























A pocket shear tester (Fig. 2) was used to measure 
soil surface cohesion (Brunori et al. 1989). Soil was 
first saturated using a sprinkler. A pocket vane tester 
was set at zero and inserted into the ground to a 
depth where the vanes were no longer visible. The 
tester was turned to the right until the soil failed. If 
the value was above 8, a smaller vane was used for 
further tests; if it was below 2, a larger vane was used.




) was calculated 
by multiplying by 0.02, 0.10 and 0.25 for the large, 
medium-sized and small vane respectively. 
Cohesion measurements were repeated 10 times in 
each plot.
The average of each parameter in each measuring 
period was calculated for each type of land use. A 
weighted average of each parameter in the whole 
catchment was calculated, based on the area used 
for each type of land use. An analysis of variance 
was calculated for each parameter from the 





















Soil characteristics were calculated on catchment 
scale (related to land use) and plot scale. The 
historical soil characteristics of the catchment were 
calculated from current land use and soil 
characteristics, based on the premise that soil 
characteristics differ markedly between different 


























Figure 2.  Shear tester with different vanes.
 




The analytic hierarchy process (AHP) is a method 
to break a complex question into several different 
components, structure these components into 
layers, then rank the sequence of the components 
and weight them. The method described by Zhao 




Construct an analytic hierarchy model
 
. A complex 
situation was divided into different components; 
structured into objective, criteria, index, scenario 
and measurement layers; and the relation 





. Components were sequenced 
by comparing the importance of each factor 
with the other factors and assigning them values 
as shown in Table 2. A matrix was produced 
based on these values, and the maximum 
eigenvalue and eigenvector of the matrix were 
calculated. The weighted values of the factors in 
one layer compared to those in a superior layer 





. A single order consistency 
















 is the rank 









 is the random consistency ratio. 
Table 3 shows the mean random index of 
consistency values.




 < 0.10. Otherwise, the 
matrix is not consistent and the matrix value should 
be adjusted. 
An overall consistency test was conducted from the 















is the consistency index of the factors in 











 is the corresponding mean 




 < 0.1, the 










Table 4 shows the soil indicator characteristics in 
different land-use types. Soil antiscourability 
Table 2.  Value assignment in the assessment matrix.
Value Meaning
1 The two factors are equally important
3 One factor is slightly more important than the 
other one
5 One factor is obviously more important than 
the other one 
7 One factor is intensively more important than 
the other one 
9 One factor is extremely more important than 
the other one 
2,4
6,8


















Table 3.  Mean random index of consistency.
Valuea 123456789
CR 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45
CR = random consistency ratio
a  See Table 2 for value assignments 
 




differed significantly between different land uses in 
Zhi Fanggou catchment. Shrubland had the greatest 
antiscourability, followed in sequence by natural 
grassland, woodland, human-made grassland and 
farmland (Table 4). The antiscourability of 
shrubland and natural grassland was about 70–90 
times greater than that of cropland. Two years after 
the conversion of slope cropland to grassland, the 
antiscourability had increased 10-fold, suggesting 
that soil antiscourability in slope cropland can 
improve rapidly when land use is changed.
Figure 3 shows soil indicator characteristics in soil 
profiles in the Zhi Fanggou catchment. The soil 
antiscourability profile for all types of land use 
decreased sharply from upper to lower layers except 
in cropland, where the highest value was found in 
the 10–20 cm layer, perhaps influenced by the 




Infiltration is the process by which water enters the 
soil. It is an important link between precipitation, 
surface water, soil moisture and groundwater. 
Reduced infiltration can decrease crop yields as it 
leads to less water being stored in the soil for use by 
crops. Runoff associated with low infiltration is 
associated with soil erosion, particularly on slopes 
(Radford et al. 1992; Connolly et al. 1998). To build 
a healthy ecosystem in the Loess Plateau, increased 
infiltration capacity and reduced runoff are needed. 
Therefore, it is important to understand the 
characteristics of soil infiltration in soil and water 
conservation in the catchment. 
Table 4 indicates that the infiltration rate varied 
widely among different types of land use and 
correlated positively with the MWD of soil, 
aggregate stability and organic matter content. 
Figures 3c and 3d show the organic matter content 
and steady infiltration rate, respectively, for 
different types of land use.
Vegetation can improve the antiscourability and 
infiltration of soil by increasing the content of 
organic matter and eliminating the effect of rainfall 




In general, soil aggregate stability correlates 
positively with organic matter content, which 
commonly declines under arable cropping, leading 
to soil degradation problems such as crusting, 
runoff and erosion (Bissonnais et al. 1997; Guerra 
1994; Sullivan 1990). The MWD reflects the size of 
stable soil aggregate. In general, good soil structure 
has a higher MWD, making the soil porous with 
high infiltration ability.
In this study, MWD was highest in shrubland, 
followed by woodland, natural grassland, human-
made grassland and cropland (Table 4). As a whole, 
Table 4.  Soil indicator characteristics in different land-use types.





Stable infiltration rate (mm/min) 0.65 1.11 0.85 1.93 0.78
OMC (%) 0.46 0.95 0.89 1.33 0.43
MWD of water stable aggregate (mm) 1.74 2.81 2.91 2.54 2.06
Antiscourability (L/min/g) 0.042 2.538 4.237 3.470 0.585
Cohesion (kg/cm2) 0.082 0.111 0.082 0.111 0.119
MWD = mean weight diameter ; OMC = organic matter content
Note: The data in the table are the average of five layers from the soil surface to 50 cm down (saturated soil cohesion was measured only in the surface
layer).
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Figure 3.  Soil indicator characteristics in soil proﬁles of the Zhi Fanggou catchment ecosystem: (a) and (b) 
antiscourability; (c) organic matter content; (d) steady inﬁltration rate; and (e) mean weight diameter.
 




MWD in the soil profile decreased from the upper 
to the lower layers (Fig. 3e), but was highest in the 
10–20 cm layer in cropland, human-made grassland 





Soil cohesion is an index of soil resistance related to 
the ability to resist external forces. Generally, soil 
erosion correlates negatively with soil cohesion, 
which is related to factors such as soil type, organic 
matter and soil water content (Brunori et al. 1989).
The study showed that soil cohesion for woodland 
and grassland was almost the same, and was much 
greater than that for shrubland and cropland 
(Table 4).
Plant roots, soil moisture content, bulk density, 
plasticity index and organic matter affect soil 
cohesion. Thus, saturated cohesion (cohesion of the 
soil when the soil is saturated) is low in the topsoil 




Soil organic matter is the basis of soil fertility and the 
formation of stable aggregate. In Zhi Fanggou 
catchment, different land-use types have 
significantly different soil organic matter content 
(Table 4). Levels are similar in cropland and human-
made grassland, but about half to one-third of other 
land-use types. The sequence was natural 
grassland > woodland > shrubland > cropland and 
planting grassland (Table 4). The organic matter 
content decreased from the top of the soil to the 
lower layer (Fig. 3c). 
There were significant positive correlations between 




























 is organic matter content. 
The analysis showed that soil structure improved 
and the soil became more porous as the organic 





In order to better understand how soil 
environmental quality had changed after 20 years of 
environmental rehabilitation in the catchment, we 
analysed several soil characteristics at the plot scale 
in different land-use types. We then applied the 
plot-scale experimental results to the catchment 
and calculated the soil characteristic values for 
previous years using data from the year of the 
experiment. We made the following assumptions.
• We could ignore changes in soil characteristics 
over time, because they are much less significant 
than differences in characteristics for different 
forms of land use. 
• We did not need to include water, bare rock, 
villages or roads in the total catchment area 
because these features occupied a negligible part 
of the total area and because we assumed that 
the area had not changed greatly in the previous 
20 years.
• In calculating the total antiscourability of the 
catchment, we did not need to consider the 
antiscourability of terrace because soil is not 
usually lost from level terraces.





slope and calculated the soil characters of the 












































 is the value of 




 at the plot scale. 
For all the soil indicators we examined, we found 
that at 0–20 cm of the soil profile there were obvious 
 




differences according to different land-use types 
(Fig. 3). In other words, soil characteristics in the 
upper layer (0–20 cm) of the soil profile are 
important and should receive more attention in 
indicator measurements.
Figure 4 shows several soil characteristics in the 
catchment for 1938, 1958, 1975 and 1997. For the 
same years, we also mapped the occurrence of these 
characteristics for different land-use types. Figures 





Figure 4 and Figures 5–10 show the temporal 
variation of several soil characters from 1938 to 
1999. During the 1930s, the ecosystem was well 
developed because most sloping land was 
woodland, shrubland and grassland, with only a 
small area used for crops. The soil characters we 
analysed accordingly reached their highest values in 
1938. In 1958, ‘wasteland’ was opened up, leading to 
degradation and maladjustment of the ecosystem. 
At this time, we found the lowest values for the soil 
characters we analysed. From 1958 to the 1970s 
values stayed the same or increased slowly. At about 
that time, integrated control measures were 
implemented in the catchment. These included 
changes in land use, the building of level terraces, 
vegetation rehabilitation, the development of cash 
crops and the planting of trees. Values rose quickly 
from the end of the 1970s to the 1990s, becoming 
steady in the early and mid-1990s and ascending 




Vegetation plays a very important role in soil and 
water conservation. After the integrated control 
measures were put in place, the amount of 
vegetation cover in the catchment increased 
continuously—up to 57% in 1999, compared to 




As cropland is better managed and yields increase, 
it can be replaced by woodland and grassland, so 
that farming activities place less pressure on the 
environment. The target area for primary cropland 
per capita in Zhi Fanggou catchment is 3 mu 
(0.2 ha), which can provide sufficient food in 
normal years. We used the ratio of the present 
cropland per capita to the target figure of 0.2 ha to 
indirectly reflect the degree to which farming 





































Figure 4.  Soil trend indicators in the Zhi Fanggou catchment ecosystem, 1936–96.
 
























1938 1958 1975 1987 1997
Figure 5.  Land-use change in the Zhi Fanggou catchment ecosystem, 1938–97. 
Figure 6.  Organic matter content (%) in soils of the Zhi Fanggou catchment ecosystem, 1938–97.
Figure 7.  Inﬁltration (mm/min) in the Zhi Fanggou catchment ecosystem, 1938–97.
 






















1938 1958 1975 1987 1997
Figure 9.  Antiscourability (L/min/g) in the Zhi Fanggou catchment ecosystem, 1938–97.
Figure 8. Mean weight diameter (mm) of aggregate in the Zhi Fanggou catchment ecosystem, 1938–97.
Figure 10. Cohesion  (kg/cm2)of soil in the Zhi Fanggou catchment ecosystem, 1938–97.
 






Output/input ratio in agriculture
 
In agriculture the ratio of outputs to inputs can 
reflect the efficiency of capital and energy use. From 
1984 the ratio decreased until the middle of 1990s, 
when it levelled off. Before integrated control 
measures were implemented, agriculture in the Zhi 
Fanggou catchment was carried out with little or no 
input. In the initial stage of the control measures, 
the output/input ratio was very high because soil 
productivity was low and potential productivity was 
great. When soil productivity increased, actual 
productivity was close to the potential and the 
output–input ratio stabilised. 
 
Net income per capita
 
The net income per capita in the Zhi Fanggou 
catchment increased gradually from 1985 to 1999, 
although it decreased in 1991, 1996 and 1997 due to 




The realised potential yield (Fig. 11b) is the ratio of 
the current yield in the catchment to the potential 
maximum yield in the local climate, which is 
5745 kg/ha (Liu et al. 1998). The realised potential 
yield reflected the industry structure of the Zhi 
Fanggou catchment and increases in soil 
productivity in the catchment. As a whole, the 
realised potential yield gradually increased from 
1985 to 1999.
 
System function indicators 
 
We used the following indexes to indicate how well 
the ecosystem was functioning in terms of its 
capacity to resist natural disasters and its ability to 
sustain stable development. The indicators 
demonstrated that, to some extent, damage to 
catchment ecosystems had slowed or ceased and 




This indicator shows the extent of the effort to 
control the destruction of catchment ecosystems and 
to restore natural ecosystems. The indicator we used 
was the proportion of the actual control achieved as 
a percentage of the control that had been required.
 
Capacity to resist natural disasters
 
We measured the capacity of the catchment to resist 
natural disasters by calculating the production value 
in disaster years as a proportion of the mean 
production of recent years. The increasing trend in 
the capacity of the system to resist disasters 
(Fig. 12a) was a strong indication that integrated 
control measures in the Zhi Fanggou catchment had 
led to an improvement in the comprehensive 




We measured the efficiency of the integrated 
control measures in decreasing soil loss by 
calculating the percentage soil loss before and after 
the introduction of integrated control measures. 











































































Figure 11.  Changes in socioeconomic indicators in in the Zhi Fanggou catchment.
 




Fanggou catchment were reduced greatly after the 
introduction of the integrated control measures 
(Table 5). This was partly accounted for by a 
decrease in annual rainfall, but the figures in Table 5 
have been adjusted to take account of this. Table 5 
shows a gradual decrease in soil loss.
 
Industry and off-farm income
 
Total per capita income from industry and off-farm 
work in the catchment increased year by year from 
1985 to 1999 (Fig. 12b). Agriculture in the region was 
seriously affected by the climate (especially drought). 
Sustainable economic development in the catchment 




The ultimate objective of watershed management is 
watershed ‘health’. Diagnosing the health of a 
watershed is an important aspect of watershed 
management, which is linked to assessments of 
environmental quality. A healthy watershed system 
will have a relatively stable structure in which 
ecosystems function well and in which sustainable 
development can occur. 
In order to appreciate the benefits of integrated 
control measures and establish corresponding 
ecosystem rehabilitation processes, it is necessary to 
assess watershed health. We used AHP to 
quantitatively assess the Zhi Fanggou catchment.
 
Identifying and selecting indicators
 
Health indicators should reflect the factors that 
influence sustainable development and should reveal 
the tendency of the ecosystem to change. Identifying 
and selecting indicators should therefore be objective 
and quantitative. In selecting indicators, we 
Table 5.  Efﬁciency of integrated control measures in decreasing soil loss.
Year
Soil erosion (t/km2/year)




a ‘No control’ measurements were obtained from the empirical formula







































































































































































Figure 12. Dynamics of system function indicators.
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considered the hilly and gullied nature of the Loess 
Plateau; the requirement for environmental 
rehabilitation; and the need for indicators to be 
objective, scientific, universal, independent and 
flexible. Figure 13 shows the indicators we selected.
Figure 14 shows how these indicators were used to 
assess health in the Zhi Fanggou catchment.
Weighting the indicators
We assumed that different factors were important at 
different stages of ecosystem rehabilitation. Table 6 
shows the assessment matrix for weighting indexes 
in different periods of ecosystem rehabilitation. The 
matrix was graded by experimental experts in soil 
and water conservation according to various 
development stages (Lu Zongfan et al. 1990, 1997). 
Tests using the maximum eigenvalue and 
eigenvector of the matrix demonstrated that the 
matrix was consistent. The weight of indicators was 
calculated from the matrix.
Calculating a health index
In order to calculate the health index, the indicator 
unit must be uniform. The minimum and maximum 
values of the indicators (indicator criteria) were 
defined according to the research results on soil 
conservation and environmental rehabilitation, the 
historical and current values of the indicators in the 
catchment and national regional development 
policy. Table 7 shows the results. 
The dimensionless values of the indicators were 
obtained from the marks of the unifying table. The 
health index (Table 8 and Fig. 14) was calculated as 
follows:
I = ΣWa1 × Va1
where I is the health index; Wa1 is the weight of the 
indicator, a1, to the area of the catchment; and Va1 
is the dimensionless value of the indicator, a1. The 
terms a1, a2,….a10 identify the 10 indicators 
mentioned above. 
Conclusions
Table 9 shows the health classification of the Zhi 
Fanggou catchment ecosystem. Before integrated 
control measures were introduced in the Zhi 
Fanggou catchment, catchment health was poor 
and there was a vicious circle in which increasing 
economic development led to reduced 
Objective layer  Healthy and sustainable catchment ecosystem
Criteria layer 
Social economic 
function (U 2) 
Comprehensive 
function (U 3) 
Eco-environmental 
function (U 1) 
Indicator layer 
B1 
B2  B3  C3  C2 
C1 A1  A2 
A4  A3 
Figure 13.  Structure of the analytic hierarchy model in assessing the ecosystem health of the Zhi Fanggou catchment. The 
indicators for environmental function include vegetation coverage (A1), ratio of primary cropland to targeted 
cropland area (A2), soil antiscourability (A3) and soil organic matter content (A4). The indicators for 
socioeconomic function include the ratio of outputs to inputs in agriculture (B1), the actual yield as a 
proportion of potential yield (B2) and the net income per capita (B3). The indicators for comprehensive 
function were the capacity to resist natural disasters (system resilience) (C1), the efﬁciency of integrated 
control measures in decreasing soil loss (C2) and the total income from industry and off-farm work(C3).
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environmental quality (Zhao Chongyun 1996). 
After integrated control measures were introduced, 
the catchment ecosystem became relatively stable, 
with appropriate development.
Our research demonstrated that there have been 
three stages of ecosystem restoration in the Zhi 
Fanggou catchment: initial restoration (1985–88), 
with a health index of 0.25; stable improvement 
(1989–93), with a health index of 0.35–0.45; and a 
good development period (1994 on) with a health 
index of 0.45–0.70. The results provide scientific 
support for the theory that soil and water 
conservation measures can be gradually 
implemented in the Loess Plateau region. They also 
indicate that degraded ecosystems on the Loess 
Plateau can be restored with 20 years of integrated 
control measures. 
Table 6.  Assessment matrix for weighting indexes in different periods of ecosystem rehabilitation (see Figure 13 for an 
explanation of indexes).
A1 A2 A3 A4 B1 B2 B3 C1 C2 C3
Initial restoration 0.0233 0.1129 0.0157 0.0314 0.0684 0.2762 0.2986 0.0186 0.0764 0.0783
Stable improvement 0.0349 0.1313 0.0338 0.0676 0.0555 0.2033 0.2086 0.0319 0.1185 0.1145
Good development 0.0510 0.1545 0.0437 0.0874 0.0513 0.1820 0.1723 0.0388 0.1119 0.1072




A1 Vegetation coverage (%) <5 10 15 20 35 50 >70
A2 Ratio of primary cropland to targeted 
cropland area (%)
<10 20 30 50 55 60 >75
A3 Soil antiscourability (min/L/g)b  <0.30 0.40 0.50 0.60 0.80 1.0 >2.0
A4 OMC (%) <0.4 0.5 0.6 0.7 0.8 0.8 >1
B1 Output–input ratio in agriculture 11 10 98765
B2 Yield as a proportion of potential yield  (%) <5 10 15 20 35 50 >75
B3 Net income per capita (yuan) <100 200 500 1000 1500 2000 >3000
C1 System resilience (%)c  <5 10 15 20 35 50 >75
C2 Efficiency of integrated control measures 
in reducing soil loss (%)
<5 10 15 20 35 50 >75
C3 Total income from industry and off-farm 
work (×103 yuan)
<1 2 51 530 60 >140
OMC = organic matter content
a See figure 13 for an explanation of terms
b Volume of water (product of volume and time) needed to scour 1 g of dry soil  



























Figure 14.  Changes in the health index of the Zhi 
Fanggou catchment ecosystem, 1984–2000.
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Note: See text for explanation of how the index is calculated.









































































Regional Prediction of Soil 

























The Mount Lofty Ranges lie northeast of Adelaide, South Australia. Soils in the region are being degraded through
soil acidification and alkalisation, and the development of both potential and actual acid sulfate soils. These pro-
cesses affect agricultural production and water quality. Soil testing and survey work in the area have shown sig-
nificant acidification of acid sulfate and salt-affected soils in subcatchments. The spatial extent of these degraded
soils has not been examined previously.
We have developed a method to determine the spatial distribution of soils with differing acidity and alkalinity




 region. The method involves using data from point, toposequence and subcatch-
ment scales to develop simple mechanistic models and a geographic information system. We predicted soil pro-




 region and used these to plan the management of degraded soils. The data were
also used as a soil degradation indicator for assessment of landscape quality at catchment and regional scale.
* CSIRO Land and Water, PMB 2, Glen Osmond, SA 5064, Australia. Email: richard.merry@csiro.au
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, hilly landscape of the Mount 
Lofty Ranges, northeast of Adelaide, South 
Australia, supports agriculture ranging from 
extensive grazing to viticulture. A variety of soil and 
groundwater processes contribute to the 
development of soil acidity and alkalinity in the 
region. This soil degradation often occurs in 
specific parts of the landscape and is influenced by 
agricultural practices. For example, grazing and 
cropping of middle and upper slopes can lead to 
acidification in the upper parts of the soil profile. 
Alkaline, saline or sulfidic groundwaters can affect 
soil alkalinity and cause potential and actual acid-
sulfate soils on lower slopes and valley floors. The 
chemistry and mineralogy of parent materials, 
especially Quaternary valley sediments and 
Cambrian metasediments containing pyrite, can 
also potentially influence soil acidity and alkalinity.
The objective of this study was to use mechanistic 
models and geographic information systems (GIS) 
to understand and predict spatially the processes 
that control soil profile pH in this landscape at 





). The main aim was to better identify and 
manage those parts of the landscape where water 
quality may be degraded or where soil acidification 






Initial work was based on the soil sampling and 
fieldwork of Fritsch and Fitzpatrick (1994). We 
took field samples, principally in the Herrmann 





) near Mount Torrens, about 50 km northeast 





. We used the Herrmann 
subcatchment, with its detailed toposequences, to 
trial models designed to predict soil profile acidity 
and alkalinity over the broader region. Figure 1 of 
Chapter 21 shows the location of the areas 
concerned. The Overview provides some 
background information about the region; Figures 
2 and 5 of the Overview show its location.
 
Landscape, soils and agriculture
 
Much of the study area comprises undulating low 
hills with altitudes of 400–500 m and local relief 
about 30–50 m (Fig. 1). The climate of the area is 
Mediterranean, with a pronounced maximum 
rainfall in winter (May to August) and hot, dry 
summers (December to February). Annual rainfall 
is topographically controlled; it decreases from 
southwest to northeast across the region, from 
about 700 mm to 550 mm. Stream channels have a 
normal tributary pattern and mostly erode soils, 
bedrock or the alluvial soils and sediments of valley 
floors, sometimes to depths of 2–3 m. The 
Herrmann subcatchment drains to the east into the 





contains a drainage divide with about one-third 
draining to the west to the Torrens River system and 
the remainder to the east, to the Murray River 





Soils of the middle and upper slopes in the study 
area mainly have sandy and loamy A horizons 
overlying clayey B horizons (Palexeralfs). Lower 
slopes, terraces and valley floors frequently have 
sodic (Natrixeralfs) and alluvial soils (Entisols), and 
wet soils (Aquents) in groundwater discharge areas 
with perched wetlands. Soils of the groundwater 
discharge areas are frequently saline and sulfidic—
these are potential acid sulfate soils (Fitzpatrick et 
al. 1996). After oxidation of the sulfidic materials, 
Figure 1.  Undulating, hilly landscape of the study 
area, with eroding streamlines, perched 
wetlands (centre), sheep camps among 
groups of trees and agriculture that is mainly 
grazing and cropping on mid-slopes.
 




such soils become acid sulfate soils that contribute 
to degraded water quality through leakage of salts 
and acid weathering products. The clayey 
B horizons of sodic soils that have developed in 
areas where saline groundwater discharge has 
occurred often disperse and erode.
Land use in this area is predominantly sheep or 
cattle grazing on pasture. Increasingly, land is being 
used for more intensive purposes such as viticulture 
and cereal cropping. Commercial pine plantations 
have been established in areas of the Torrens River 
catchment, which is an important source of urban 
water supply.
 
Field soil sampling and mapping
 
Soil samples were obtained for three purposes:
• to establish boundaries for conventional soil 
mapping, using initial profile samples from 
toposequences within the Herrmann 
subcatchment and free sampling, largely as 
reported by Fritsch and Fitzpatrick (1994);
• to better characterise pH profiles that occur at 
specific points in the landscape that are subject 
to known acidification or alkalisation processes, 
using samples principally obtained from the 
Herrmann catchment; and
• to provide verification data for the predicted soil 





area, mainly using archived samples from 
previous field projects of CSIRO Land and 
Water (formerly the Division of Soils).
Using these samples, we produced sets of nested 
study areas that included georeferenced soil pH 
values at points and in toposequences. 
Georeferencing was mainly achieved using a global 
positioning system with positional accuracy of 
about 5 m. However, the sites from which the 
archived soil samples were obtained had been 
located on 1:50,000 topographic maps with 
cadastral overlay positioning; thus, they could only 
be accurate to within 50 to 150 m. 
 
Soil pH analysis and proﬁle classes
 
Soil pH was measured by standard procedures 






As a basis for prediction across the broader region, 
nine soil acidity and alkalinity profile classes were 
established initially. The classes were then 
simplified to five categories, matching the profile 
classes known to occur in the catchment area. 
Solum (A and B horizons) depths of about 1 m were 
considered, or less where profiles were shallow. The 
classes were constructed along the lines of 
Northcote’s ‘soil reaction trends’ (Northcote 1979), 
with modifications to separate potential and actual 
acid sulfate soils. The simplification was based on 
the profile classes found in topographic sequences 
or related to a specific topographic position within 
the Herrmann subcatchment. 
In practice, some similar profiles proved to be 
difficult to discriminate and were therefore 
combined. The final classification, described below, 
clearly indicates soils in need of remediation or 
protection from degradation. However, the neutral, 
moderately acidic and moderately alkaline classes 
are still difficult to distinguish because of poor pH 
buffering and their susceptibility to change as a 
result of agricultural practices. There are other 




 area, but they were not 
included because the basis for prediction was 
restricted to the most common classes in the region. 
The five profile pH classes used for broad-scale 














 6.5–7.5) throughout and associated with 
lower slopes and valley floors. This class 
contains both potential and actual acid sulfate 
soils that are associated with waterlogged or 
groundwater discharge areas and may be prone 
to erosion if vegetation is lost. If denuded, these 
soils may develop high sodicity, salinity and 
bulk density.
 














 < 6.5), 
neutral or alkaline in the subsoil. This class 
includes soils affected by subsoil sodicity and 
alkalinity, which are are prone to clay 











 6.5–7.5) throughout. 
These soils were commonly shallower than 1 m 












 < 6.5) 
throughout. These soils were typically 
Palexeralfs of middle and upper slopes; they 
may be more acidic in the upper 10–20 cm due 












 < about 5) through-
out most of the profile. This class is similar to 
Class d, but is considerably more acidic and 
likely to limit agricultural production through 
aluminium toxicity and nutrient deficiency. 
Liming of these soils should be considered a 
priority.





We used point data for profiles, hydrology and 
elevation to develop toposequences that were 
spatially matched with conventional soil maps for 




) key area within the 
northeastern part of the Herrmann subcatchment 
and the subcatchment itself. The toposequence 
shown in Figure 3 illustrates the topographic 
relationships between soil pH profile and position 
in the landscape—the upper slope positions have 
acidic soil profiles and the lower slopes and valley 
floors have neutral and alkaline soil profiles. The 
pedological processes known to be operating in the 
area are long-term weathering and agricultural 
acidification on the middle and upper slopes; and 
salinity, alkalisation, sodification and development 
of saline and acid sulfate soils on the lower slopes 
(Fritsch and Fitzpatrick 1994; Fitzpatrick et al. 
1996). Conventional mapping units were allocated 
to the appropriate pH class using both point and 
toposequence information, as shown in Figure 4 for 
the Herrmann subcatchment. These ‘nested’ maps 
and toposequences were then used to develop 
relationships as a basis for GIS prediction of soil pH 





The principal toposequence types were constructed 
from soil data at point sites; hydrology and 
elevation data; and structural analysis (Fritsch and 
Fitzpatrick 1994). Using the point data, linear 
weighted index models were derived for each of the 
different scales or areas of interest—subcatchment 
key area, subcatchment or region—depending on 
the availability of GIS data, as outlined below. We 
developed smaller scale, linear weighted models 
using data for the detailed parts of the catchment 
that were not available over the whole region.
The data used to develop the models and maps at 
the different scales are listed below (see also 
Fitzpatrick et al. 1999 for further detail).
•
 










 Data were vegetation 
class maps developed from air photos and 
forward-looking infrared (FLIR) remote 
sensing, digital elevation models (DEMs) and 
soil mapping (not shown, see Fitzpatrick et al. 
1999 and Chapter 21, this volume).
Figure 2. pHw proﬁle types found in the Herrmann 
catchment.
 

















Figure 3.  Acidity and alkalinity of soil layers along a typical toposequence from the Herrmann catchment.
Mostly alkaline throughout (pHw > 7.5)
Neutral throughout (pHw 6.5–7.5)
Moderately acidic surface (pHw < 6.5)
neutral to alkaline at depth
Moderately acidic throughout (pHw < 6.5)





Figure 4.  Conventional soil map of the Herrmann catchment (2 km2) with soil units allocated to soil proﬁle 
pHw classes. Some point sample and toposequence locations are marked.
 
















Two maps of soil 
pH class were developed at subcatchment scale 
(Figs 4 and 5). The map shown in Figure 4 was 
developed from conventional soil map 
boundaries, using toposequence and point pH 
profile data. Because the most reliable pH class 
data were obtained from subcatchment scale or 
below, the linear weight indexing used to model 
at that scale (Fig. 5) was adjusted for best fit with 
the conventional map (Fig. 4). The model was 
developed using a topographic index and land 
unit mapping of soil acidity classes at the 
1:50,000 scale (compiled by D.J. Maschmedt of 
Primary Industries and Resources, South 
Australia). The topographic index was derived 
using the procedure of Hutchinson and 













 is the specific 




 the local slope angle 
evaluated on a cell-by-cell basis from the DEM. 
The land unit mapping included both soil type 
and geology of the parent material—data that 














 The map of the modelled 
best estimate of soil profile acidity and alkalinity 
for the larger region (Fig. 6) was generated by 
extrapolation of the model that produced 
Figure 5, using the same input data. 
 
Verification of prediction of soil acidity/
alkalinity profiles
 
To verify the models, we used two different 
approaches. First, because the same models were 
used to generate maps at the subcatchment and 
regional scales, we could verify the models to some 
extent by comparing the distribution of profile 
classes at the subcatchment scale (Fig. 5) with the 
conventional soil map (Fig. 4). Table 1 shows the 
results of this comparison. 
Mostly alkaline throughout (pHw > 7.5)
Neutral throughout (pHw 6.5–7.5)
Moderately acidic surface (pHw < 6.5)
neutral to alkaline at depth
Moderately acidic throughout (pHw < 6.5)




Figure 5.   Modelled distribution of soil pHw proﬁle classes in the Herrmann (2 km2) catchment. The modelling relied 
heavily on the GIS linear weighting index. Compare the spatial structure of Figure 4 and Figure 5.
 




In the second approach, we collated archived data 
for 35 soil profiles with data for five profiles sampled 
as part of this project. Because the archived data 
were from sites georeferenced from a 1:50,000 scale 
topographic map, the positional accuracy is likely to 
be lower than the data collected for this project. 
Therefore, we drew a circle of scaled radius 100 m on 
the modelled regional map (Fig. 6), centred on the 
location obtained from the topographic map, and 
compared the classes that we predicted would occur 





Soil pH profiles and processes
 
Soils of the slopes and crests usually showed strong 
acidification in their A horizons (e.g. Fig. 2). This 
acidification is due to normal agricultural processes 
such as nitrate leaching of legume-fixed or fertiliser 
nitrogen, and removal of alkaline products such as 
hay, fodder or cereal grain. In samples taken to 
verify predictions in areas with sheep camps, we 
found that profiles were more alkaline than adjacent, 
moderately acidic soil profiles. This effect occurs 
because sheep camps, which are frequently located 
on or near hill crests, are the source of substantial 
alkaline input into the soil and thus result in near-
neutral surface soils overlying acidic subsoils 
(Fig. 2). However, we did not include the location of 
sheep camps in our predictions because camps are 
not always related to particular features of the 
landscape or vegetation. Although terrain, remote 
sensing and vegetation analysis can identify sheep 
camps, such an exercise is probably not warranted 
because the aggregate area of the camps is quite 
small and they can be managed at a farm level.
Mount Torrens
Alkaline (pHw > 7.5) throughout (~50%) or
neutral (pHw 6.5–7.5) throughtout (~50%)
Moderately acidic (pHw < 6.5) surface,
neutral or alkaline at depth
Moderately acidic (pHw < 6.5) throughout
Very acidic (pHw < 5) throughout




Figure 6.   Best estimate of distribution of soil proﬁle acidity and alkalinity classes for the 80 km2 study region.
 




The deeper subsoils in the middle and upper slopes 
on some parent materials were also highly acidified 
between 1 and 2 m and into the saprolite, illustrated 
in Figures 2 and 3. This is believed to result from 
soil formation on parent materials that contain 
significant sulfide minerals, either in bands or 
dispersed through the regolith. Oxidation of these 
sulfides has resulted in acidic profiles that are 
strongly weathered. These parent materials have 
been mapped as the Talisker Calc-Siltstone 
(containing the Nairne Pyrite Member), the 
Tapanappa and other unnamed formations of 
Cambrian age that occur in a broad band in the 
eastern Mount Lofty Ranges and on Kangaroo 
Island (Belperio et al. 1998). This pyrite is also the 
likely source of most of the sulfur of the potential 
and actual acid sulfate soils found associated with 
perched and relict wetlands in the study area 
(Fitzpatrick et al. 1996).
On the lower slopes, soils were frequently alkaline 
(Fig. 3). The principal cause of alkalinity is the 
accumulation of sodium salts that results from 
concentration by evapotranspiration, and the 
subsequent development of sodic clays. Magnesic 
calcites are sometimes observed in these valley floor 
soils; they develop from evaporative concentration 
from groundwaters, sometimes in wetlands 
(Fitzpatrick and Merry 1999). 
 
Prediction of pH profile 
 
The GIS-based models were able to predict soil pH 
profiles at scales useful for land management. 
Verification indicated that the predictions were 
acceptable, especially where soils were acidic or 
alkaline throughout. Although saline, sulfidic soils 
were contained within Class a soils, their 
distribution was influenced by proximity to the 
pyritic parent materials mentioned above. 
Therefore, it is important to use geological data in 
the generation of the model at this scale. Soils that 
are acidic throughout (Class e) and generally in 
need of lime treatment are clearly associated with 
the older, more stable and weathered parts of the 
landscape. They were efficiently predicted using the 
topographic index and existing land unit maps 
containing geological information. Similarly, these 
predictors successfully identified alkaline and sodic 
soils of lower slopes and valley floors.




 region, the correct class or a 
neighbouring class was usually predicted. The 
inclusion of the DEM-based topographic index at 
this scale allowed us to link pH profile class with 
topographic position more reliably than by using 
conventional 1:50,000 acidity-class mapping. 
Table 1.   Comparison of areas of modelled soil pH 
proﬁle classes (Fig. 5) (a to e) for the 
subcatchment (2 km2) scale with map classes 










a Indicates the percentage of the area allocated to a profile class by

















































Two approaches were used to verify the models. 
The first compared the areas of each soil pH profile 
class provided by the modelled data with the 
conventionally mapped areas of the Herrmann 
subcatchment (Table 1). For each conventionally 
mapped class other than Class c, the soil class 
predicted by the model was the same as the most 
common profile type in the mapping unit. For each 
conventionally mapped class, the next most 
common class (second in area, apart from Class c) 
predicted by modelling was always the class most 
similar to the predominant class. The modelled data 
were much more closely related to the subtleties of 
topography than was possible using conventional 
mapping, and real boundaries are usually 
continuums rather than sharp breaks. Therefore, 
the modelled spatial distributions of profile classes 
are considered more reliable than conventional soil 
mapping and point sampling.
The second approach of verification involved the 
comparison of soil profile data from 40 sites 
distributed across the larger region. A difficulty 
arose because the historical material used was 
georeferenced from 1:50,000 topographic maps. Soil 
pH profile classes were predicted for an area of 
100 m radius, centred on the verification site as 
originally located from a topographic map. Of the 40 
sites, 20 were the same class as the most common 
profile classes predicted for the 100 m radius circle; 
11 had the same verification profile as the modelled 
subdominant class; 5 were in the adjacent class; and 
4 were in another minor class. For all verification 
sites where the locations were approximate, the 
model always predicted the same pH class within the 
100 m radius circle. These data also suggested that 
the mostly ‘alkaline throughout’ soil class (Class a) 
would probably not exist on parent rocks older than 
Cambrian in the western part of the region. This 
should be further investigated; if it is found to be 




Where toposequence trends in soil profile pH were 
evident, GIS was able to predict soil profile pH types 
over relatively large regions with good effectiveness 
and to highlight those areas requiring specific 
management. Verification of the predictions 
indicated that the methodology was useful in 
identifying very acidic profiles requiring liming 
programs, or alkaline and sodic profiles requiring 
gypsum application and drainage management. 
Related work predicting the location of waterlogged 
and groundwater discharge areas (Davies et al. 
2000) is also important as it helps to identify soils 
affected by alkaline and saline groundwaters, and 
potential acid sulfate soils that develop in wetlands. 
The spatial distributions of these acidic, alkaline 
and wetland soils are clearly related to topography 
and the geology of parent materials.
Soils with profile pH values in the moderately acidic, 
neutral or moderately alkaline range were less well 
discriminated. The pH values of the upper part of 
these soil profiles are more likely to be affected by 
agricultural management because they are usually 
less well buffered against pH change; they are also 
less likely to need lime or gypsum application.
Although the process of transfer of alkalinity by stock 
is well known, we were not aware of the number of 
sheep camps in this area and the extent to which they 
were contributing to soil alkalisation. The sheep 
camps require farm-level management to preserve 
soil fertility and conserve remnant vegetation. 
The approach to prediction of the properties of soils 
in landscapes described here is expected to add 
value to existing land-unit mapping, improve 
regional planning of management of soil 
degradation processes and be a useful tool in 
agricultural extension. Strategic liming of selected 
parts of catchments has been shown to be effective 
in their management (see, for example, Adams and 
Evans 1989) with potential to improve plant and 
animal productivity and stream water quality.
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Managing Soil Fertility for 








Soil fertility—the ability of soil reserves to supply adequate levels of essential nutrients needed for plant
growth—affects agricultural productivity and sustainability as well as environmental health. For nearly 50 years,
there have been great improvements in the balance of nutrient input and output in farmland in the piedmont of
Mount Taihang. Soil surveys carried out in 1978, 1989 and 1998 showed that the levels of soil organic matter,
total nitrogen (N), total phosphorus (P), available P and other trace elements have increased, but that available
potassium (K) levels have not. These results are similar to those obtained by estimating the nutrient balance,
which indicate that the characteristics of nutrient cycling depend on the system of fertiliser application in farm-
land. Soil chemical fertility according to the Chinese classification Standard for Soil Nutrients is good on the
whole. In the piedmont of Mount Taihang, nutrient management should focus on reducing the N input and
increasing K levels in order to ensure sustainable productivity and good environmental health.
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 fertility is a measure of soil productivity. It can 
be broadly defined in terms of physical, chemical 
and biological factors: nutrient levels, water, air, 
heat, soil chemistry, soil physics and characteristics 
of the biome. More narrowly, it can be defined as 
the ability of soil to supply adequate levels of the 
nutrients that are essential for plant growth. The 
natural levels of these nutrients depend on factors 
associated with soil formation: parent materials, 
climate, vegetation, topography, time and other 
external forces such as erosion, deposition, 
accumulation and groundwater. Human activities 
also affect soil fertility in cultivated areas. We have 
known for 1000 years that applying animal and 
vegetable manure to the soil can restore its fertility 
(Tisdale and Nelson 1966). Conversely, unwise land 
use may lead to decreases in soil fertility and 
productivity. This paper focuses on the concept of 
soil fertility that is confined to nutrients—that is, 
the ability of the soil to supply adequate levels of 
essential nutrients for plant growth.
Since the 1960s, there has been a 20-fold increase in 
the amount of chemical fertiliser applied each year 
in China; the amount per area of farmland is now 
near that of developed countries. This has 
contributed to a threefold increase in grain 
production in 30 years. However, there are 
emerging problems in protecting the agricultural 
environment. Soil fertility acts as an indicator of 
both environment and soil quality. 
We now know that applying fertiliser has ecological 
risks, especially when resources are not used 
carefully. Consequently, managing soil fertility for 
crop growth now focuses on the sustainable use of 
resources and protection of the environment rather 
on maximising yields and profits. For example, 
people now expect that manure and other nutrients 
from organic waste will be recycled rather than 
being allowed to seep into groundwater or other 
parts of the environment; people also expect that 
measures will be taken to prevent the degradation of 
soil fertility through over-consumption or a lack of 
balance of crop nutrients. 
The management of soil fertility requires the rational 
application of fertiliser. This  depends on the type of 
soil and the pattern of nutrient cycling in a particular 
agroecosystem. This chapter focuses on changes in 
the soils of the Taihang Mountain piedmont of 
North China over the past 50 years. It assesses 
nutrient input and output, and describes patterns of 
nutrient cycling and evolving soil fertility. It then 
draws some conclusions about the sustainable 
management of soil fertility in the region. 
The study focuses on the balance between nutrient 
inputs and outputs. Inputs include chemical 
fertiliser, manure and straw, bionitrogen fixation 
and irrigation. Outputs include crop uptake, 
leaching from the soil, runoff on the soil surface, 
drainage, and nitrogen (N) loss through processes 
such as denitrification and ammonia emission. It is 
difficult to quantify some of these items. For 
example, the amount of N lost through leaching and 
denitrification depends on the net superfluous 
amount of inorganic N. Consequently, we use the 





Changes in Applied Nutrient Levels
 
We selected Luancheng County as a typical study 
case for the Taihang Mountain piedmont, which is 
part of the North China Plain (NCP). The Overview 
provides further details of the NCP region. Over the 
past 50 years, nutrient inputs have increased very 
quickly, as shown in Figures 1–3 (Hu Chunsheng 
and Wang Zhiping 1999). For example, inorganic N 
increased from 0 kg/ha/year to 420.5 kg/ha/year; 
organic N increased at a slightly slower rate, from 
36.0 kg/ha/year to 101.3 kg/ha/year over the past 50 




 In other words, we assume that the nitrogen loss rate does not 
change as conditions change.
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Organic P Inorganic P Total P
Figure 1.  Nitrogen (N) input in farmland in Luancheng, 1949–98.
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Figure 3.  Potassium (K) input in farmland in Luancheng, 1949–98.
 




organic N, but inorganic N is now more important: 
applied inorganic N accounted for half of the total 
N applied in the 1960s, up to 60% in the 1970s, and 
is now 80%. Phosphorus (P) has followed a similar 
trend, but 5–10 years later: applied inorganic P 




but up to 70% in the 1990s. Potassium (K) was 
applied as organic K until the late 1980s, since when 
the application of inorganic K has gradually 
increased.





 could be an indication of whether excess 
nutrients are being added to the soil. If the ratio is 
less than 1, the nutrient budget is negative; if the 
ratio is larger than 1, the nutrient budget is positive. 
The bigger the ratio, the greater the level in the soil 
of superfluous nutrients that could be lost to the 
environment. 
Fertiliser is added to the soil to promote grain yield. 
For example, Table 1 shows that from 1949–51 to 
1994–98 output N increased from 58.8 kg/ha/year to 
519.8 kg/ha/year and input N increased from 
58.9 kg/ha/year to 123.5 kg/ha/year. The ratio of N 
input to output increased from 0.88 to 1.74 over the 
same period. The N balance started to change from 
negative to positive in the early 1980s. From 1949–51 
to 1994–98, output P increased from 15.8 kg/ha/year 
to 122.8 kg/ha/year and input P from 17.4 kg/ha/year 
to 187.0 kg/ha/year; the ratio of P input to output 
increased from 0.7 to 1.52. The P balance did not 
change from negative to positive until the 1970s. 
Nutrient K was abundant in the early 1950s, but there 
has subsequently been a deficit, with the ratio of 
input to output less than 1. Thus, fertiliser efficiency 
has gradually decreased with increasing crop yield. 
Increasing levels of nutrient input have been 
required, and inorganic nutrients have had to be 
applied at increasing rates as productivity increased. 
The added nutrients have improved crop yield but 
have also accumulated in the soil. It is evident that 
fertiliser input is close to a maximum.
 
Soil Nutrient Content 
 
Table 2 shows that soil fertility has improved with 
increased fertiliser input and better nutrient balance 
(Hu Chunsheng 1999). The data in the table 
represent the average of 32 soil samples from 
Luancheng County. Available K has obviously 
decreased rapidly as less K fertiliser has been added 
to soil during the past three decades; it will be 
essential to apply K to farmland in future if soil 
fertility is to be sustained in the Taihang Mountain 
piedmont.
 
Evaluating Soil Fertility 
 
Crop production is based on the use of plant 
nutrients and on the physical characteristics of the 
soil. More plant nutrients have been added since 
1960, but most crops continue to depend on 
‘mining’ the soil for some or most nutrients. Soil 
diagnosis helps to determine when additions are 
needed. Both chemical and physical properties can 
be used as diagnostic indicators for soil fertility. 
 
Classification of soil fertility
 
Table 3 shows the classification of soil fertility 
according to the Chinese standard classification 
(Shanmin Shen 1998). This is a general standard for 
the whole of China, discussing most crops and soil 
types. It is based on the effect of fertiliser 
application on yield at particular levels of soil 
nutrients. There are six grades. Grade 1 soil has 
excellent fertility; applying additional fertiliser to 
soil of this grade will not increase crop yield. Grade 
6 soil has very poor fertility; applying additional 
fertiliser is likely to have a significant effect on crop 
yield. Grade 4 is the threshold level at which 




 For example, straw and grain—that is, above-ground biomass.
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Table 1.  The structure and balance of nutrients in farmland, Luancheng county, 1949–98 (kg/ha/year).
Year Nutrientsa







b Balance ratio = artificial input divided by product output
Grain yield Organic Inorganic Product Loss 
1949–51 N 36.0 0 22.9 44.4 14.4 0.81 2108
P2O5 17.4 0 0 15.8 0 1.10
K2O 44.8 0 0 36.8 0 1.22
1954–56 N 34.5 3.3 23.1 53.4 15.5 0.71 2528
P2O5 15.8 0 0 18.8 0 0.84
K2O 40.1 0 0 41.5 0 0.97
1959–61 N 27.5 12.3 22.8 43.0 15.9 0.93 2070
P2O5 10.6 0.7 0 15.0 0 0.75
K2O 26.2 0 0 34.4 0 0.76
1964–66 N 34.6 18.8 22.3 60.5 21.3 0.88 2828
P2O5 13.5 1.3 0 21.2 0 0.70
K2O 32.7 0 0 48.8 0 0.67
1969–71 N 54.3 64.4 21.5 101.3 47.5 1.17 4568
P2O5 24.1 16.5 0 34.8 0 1.17
K2O 53.6 0 0 76.3 0 0.70
1974–76 N 73.2 83.8 21.2 137.6 62.8 1.14 7410
P2O5 34.0 40.7 0 48.6 0 1.54
K2O 74.8 0 0 91.5 0 0.82
1979–81 N 55.9 186.2 21.6 160.6 96.9 1.51 8348
P2O5 25.3 48.9 0 54.6 0 1.36
K2O 56.5 0 0 108.7 0 0.52
1984–86 N 65.6 252.0 21.9 202.0 127.0 1.57 9 690
P2O5 28.6 74.3 0 68.3 15.6 1.23
K2O 61.4 10.4 0 139.5 0 0.51
1989–91 N 84.8 304.2 22.2 240.9 181.8 1.61 10,995
P2O5 40.9 89.3 0 80.4 0 1.62
K2O 76.4 4 0 166.6 0 0.49
1994–98 N 101.3 420.5 22.2 300.3 219.5 1.74 13,650
P2O5 68.6 118.4 0 122.8 0 1.52
K2O 91.3 16 0 202.7 0 0.49
 




Physical and chemical properties of the soil
 
We analysed soil fertility using the threshold 
guidelines for soil chemical indicators shown in 
Table 2 and the Australian standard soil physical 
indicators described by Walker and Reuter (1996). 





• soil consistency 
• soil texture 
• soil colour 
• status of any roots 







Table 2.  Soil nutrient content in Luancheng, 1978–98.
Year
Total nutrient content (g/kg) Available nutrient content (mg/kg)
O MN P K Z nC uP bC d P K F eC uZ nM n
1978 11.5 0.78 1.5 22.8 – ––– 7.77 141 8.27 1.03 0.67 8.20
1989 14.6 0.91 – – 54.8 16 23.6 0.11 8.9 106.2 8.25 0.87 1.16 7.51
1998 15.0 1.03 0.8 12.2 58 19.4 12.8 0.63 16.0 88.1 9.0 2.03 1.67 9.0
Cd = cadmium; Cu = copper; Fe = iron; K = potassium; Mn = manganese; N = nitrogen; OM = organic matter; P = phosphorus; Pb = lead; Zn = zinc 
Table 3.  Classiﬁcation of soil fertility (Chinese standard classiﬁcation).
Grade
Soil componenta
a Mo = molybdenum; B = boron; see Table 2 for explanation of other chemical abbreviations
123456
Organic matter (g/kg) 4 3–4 2–3 1–2 0.6–1 0.6
Total N (g/kg) 0.2 02–0.15 0.15–0.10 0.10–0.075 0.075–0.05 0.05
Total P (g/kg) 0.1 0.081–0.1 0.061–0.08 0.041–0.06 0.02–0.04 0.02
Olsen-P (mg/kg)b
b Olsen-P refers to the level of phosphorus measured using the Olsen analytical method
40 40–20 20–10 10–5 5–3 3
Available K (mg/kg) 200 200–150 150–100 100–50 50–30 30
Available Zn (mg/kg) 3 1.1–3 0.51–1.0 0.31–0.5 0.3
Available Fe (mg/kg) 20 10.01–20 4.51–10 2.51–4.5 2.5
Available Mn (mg/kg) 30 15.1–30 5.1–15 1.1–5 1.0
Available Cu (mg/kg) 1.8 1.01–1.8 0.21–1.00 0.11–0.2 0.11
Available B (mg/kg) 2 1.01–2 0.5–1.0 0.26–0.5 0.25
Available Mo (mg/kg) 0.3 0.21–0.3 0.16–0.2 0.11–0.15 0.10
Indicators Excellent  Very good Good Fair Poor Very poor
 










• available K 
• trace elements 
Luancheng County typically has cinnamon soil with 
a thin humus layer and thick middle solum. Tables 4 
and 5 show the main morphological and physical 
properties of the soil. In summary, soils are grey–
yellow in morphology, sandy, loose, and good for 
storing water, but have a high bulk density and a 
plough pan. They have fair levels of total organic 
matter, total N, total P and available K, with good 
levels of trace elements; this suggests that soil fertility 
in Luancheng is in the middle range and that 
applying fertiliser every year is necessary to maintain 
soil fertility and sustain crop production. The results 
showed a potential deficiency in K; although current 
levels are not causing reduced crop yields, it is 
essential to start applying K fertiliser immediately.
Overall, soil fertility is judged to be fair to near good. 
Over the past 50 years, there has generally been a 
trend towards improved soil fertility, particularly for 
total organic matter, total N, available P and trace 
elements. Only in the total and available K content 
has there been a sharp reduction in levels: the 
average K content was at the lower end of the range 
(grade 3–4), suggesting the start of a trend to K 
deficiency. A serious problem is an increase in total 
cadmium (Cd), indicating probable soil pollution.
 
Conclusions for Sustainable 
Management 
 
Successful management of soil fertility must meet 
the objectives of increasing production, being 
economically profitable and protecting the 
environment to enable the sustainable development 
of agriculture. The rational input of chemical 
fertiliser and manure must be emphasised for high-
yield regions such as the Taihang Mountain 
piedmont. The basic approach should be to increase 
control over chemical fertiliser input, to increase the 
input of K fertiliser and to increase the level of 
manure returned to the soil. 
The input of chemical N fertiliser is up to 420.5 kg/
ha/year and there is a trend to continuously increase 
the amount for higher yields. The entry of 
superfluous N into the soil poses a serious 
ecological risk. In many places, the nitrate content 
Table 4.  Main morphological indicators of grey-yellow soil in Luancheng County.
Layera
a Capital letters refer to soil horizons
Source: Report of the Luancheng County Natural Resources Survey and Agricultural Division, 1979. 
Thickness (cm) Consistency Colour Texture
Root density (cm/cm3)                
Wheat  Corn
A1 0–17 Soft Grey–brown Sandy loam 3.49 1.12
A1B 17–30 Very hard Light brown Sandy loam 1.63 0.48
B1 30–65 Firm Dark brown Loam 0.51 0.26
B2 65–90 Firm Dark brown Loam 0.34 0.25
BK 90–145 Very hard Light yellow Light clay 0.16 0.12
B3 145–170 Very hard Grey yellow Light clay 0.18
BC 170–190 Very hard Light yellow Medium clay
 




of groundwater and vegetables is already more than 
prescribed by the National Hygienic Standard of 
Drinking Water and Food. Increasing levels of Cd 
in the soil may be due to the application of 
phosphate accompanied by Cd. Cadmium 
accumulation in the soil may lead to Cd pollution, a 
serious environmental issue. The ability of the soil 
to supply adequate levels of K for plant growth has 
decreased, as little K fertiliser has been applied in 
the past 50 years. K deficiency in the soil can reduce 
yields and reduce the efficiency of other fertilisers. 
Farmers in the Taihang Mountain piedmont should 
emphasise the balanced application of fertilisers. In 
particular, policy makers should encourage the 
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Table 5.  Main physical indicators of soil in Luancheng County.
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A1 0–17 36.35 9.63 26.73 1.41 46.42 10.07
A1B 17–30 34.86 11.37 23.49 1.51 42.62 7.76
B1 30–65 33.25 13.92 19.33 1.47 44.14 10.89
B2 65–90 34.28 13.91 20.37 1.51 42.62 8.34
BK 90–145 34.36 12.95 21.41 1.54 41.48 7.12
B3 145–170 38.98 13.87 25.11 1.64 37.68 1.42
BC 170–190 38.05 16.44 21.61 1.59 39.58 1.53
 




Chemical Properties of 






















Saline and sodic soils occur in large areas on the North China Plain (NCP). This presents a serious problem for sus-
tainable agricultural development in the area. This study identified and characterised saline, sodic and sodic-
saline soils on the NCP and recommended some strategies to deal with salinity in the region. Three distinct
regions were identified: the coastal, middle and western zones. The parent material of the soils is river alluvium.
Illite (Hydromica) is the dominant layer silicate mineral; smectite, kaolinite and chlorite are subdominant. 
 
SOIL salinisation is a growing problem in 
agriculture worldwide. As we try to meet global 
needs for agricultural production, more and more 
countries are concerned about the increasing 
problem of salinity. China is one of the nations that 
have a serious problem with saline soils; the North 
China Plain (NCP), a major food production area, 
has especially suffered from this problem. 
For instance, in the early 1950s the NCP had more 
than 2 million ha of saline soils; at the end of the 
1950s, 4 million ha were affected, and in the mid-
1980s only 2 million ha were affected. This overall 
decrease in extent of saline affected soils has been 
largely due to changes in irrigation practices and an 
associated fall in the depth of the groundwater table 
in the region. Areas where the extent of salinisation 
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is still considered serious include the lower elevated 
plains of the Bo Gulf, the four lakes in the south of 
Shandong Province and the Huang (Yellow) River 
irrigation area in Henan Province.
The Cangzhou prefecture (115°42'–117°50'E and 
37°28'–38°57'N) or subregion is a small part of the 
NCP adjacent to the Bo Sea in the lower-lying plain 
of the Hai River's southern reach downstream. With 




, the subregion is 
characterised by low and smooth relief, a deficient 
freshwater supply, waterlogged land, salty 
groundwater and a serious saline soil problem. It 
experiences frequent dry periods and its soils are 
saline-alkaline with low levels of nutrients. All these 
factors contribute to low crop yields (Mao and Liu 
2000). The Overview provides some background 
information on the NCP.
The main objectives of our study were:
• to determine the chemical, distribution 
(dynamic changes) and mineralogical 
properties of salt-affected soils in the Cangzhou 
prefecture;
• to develop an understanding of the processes 
occurring in the soils; and
• to use an increased understanding of the 
conditions at Cangzhou to recommend 
strategies to ameliorate existing degradation and 
prevent further damage to soils elsewhere (the 
strategies would aim to improve the use and 
management of soil resources to increase crop 
yields and arrest the decline in soil quality).
 
Saline Soils on the North 
China Plain
 
Soil salinisation is the accumulation of soluble salts 
in the soil that results in some degree of decrease in 
soil productivity (see Chapter 8). Saline-alkali soils 
include solonchak and solonetz (alkaline soils), and 
various other soils affected by salt or sodium ions. 
Soil salinity, the concentration of soluble salts in 
soil, is commonly graded by considering the 
integrated biophysical effect on crops or the extent 
of damage to crops (Xiong and Li 1987). Poor plant 
growth can result from:



















• diminished absorption of nutrients because of 
poor ion balance;
• decreased water absorption by roots because 
high ion concentrations lead to water stress; and 





 is the dominant cation to generate soils 
with high exchangeable sodium percentages 
(ESPs).
In the NCP, soil salinity and sodicity are strongly 
influenced by:
• the monsoon climate with annual wet and dry 
seasons;
• the chemistry and depth of groundwater and 
surface waters, which have changed 
substantially over the past two decades;
• topography; and
• soil type (in the NCP, the principal soil type is 
‘Chao soil’, a Chinese term; other soil types 
found in the region include meadow and coastal 
solonchak, saline swamp, saline meadow, sandy 
and cinnamon).
 
Distribution of soil types
 
Saline soil types can be characterised by the ratio of 










measured in centimoles (cmol). On the NCP, the 
soil types are broadly distributed between the 
following three geographical zones:














 > 8), and in which 
there is a wide range in the ratios both between 
different profiles and along the same profile;
 
























 < 2); and
• the middle zone, with ‘mixed anions’, in which 










 (this zone is located between the coastal 
and western zones).









 in soil profiles 
from the coastal and middle soil zones of the NCP. 
Table 1 shows anion data for two soil profiles with 
layers extending below 40 cm. Macun village is 














 in the upper layers is 
currently active and moves downwards and 





. However, the soil 










= 1–2) in all layers, indicating that it is of 
mixed type.
 
Salt accumulation at the soil surface
 
Figure 2 illustrates the trend in total salt content with 
depth for representative soil types from the coastal 
and middle zones of the NCP. A total salt content of 
2–6% was measured at 0–1 cm in both soil types from 
the middle zone, which decreased sharply to 1–2% at 
1–5 cm and 0.8% at 5–10 cm. The salt concentration 
remained essentially constant, at around 0.5%, at 
depths below 40 cm. The saline soil in Dalangdian, 
Nanpi County, is considered to be a typical example 
of this kind of salt distribution. The soil solution 






























 cation being the dominant 




 in the 
surface layer). The salt distribution in this soil 
progressively stabilises below depths of 50 cm, with 
total salt concentrations being 20–40 g/kg at 0–5 cm 









 at 100–120 cm than in the upper layers. 
Saline soils on the NCP are characterised by 
accumulated salts near the surface. This has 
occurred for a variety of reasons. Because of the 
critical depth to saline groundwater and intense 
evaporation, salts have progressively moved or 
wicked up from the saline groundwaters and lower-
lying soils. Salinity has also expanded from lower 
topographic sites to higher sites because of uneven 
microtopography. The level of salinity in soils is 
closely correlated with crop development and yield 
because cultivation management, seed emergence 
and crop growth all occur in the plough layer 
(major rooting depth). Thus, salt content at the soil 
surface (0–20 cm) can be used to categorise the 
extent and nature of soil salinisation and provide a 
sound basis for rehabilitating saline-sodic soils. 
Good farming practices and appropriate biological 
approaches should enable salt to be redistributed 























Ratio of Cl– /SO4
2–
Figure 1.  Ratio of Cl–/SO4
2– in coastal and middle 
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Figure 2.  Trend in total salt content with depth in 
coastal and middle zones of the North China 
Plain.
 




Salt accumulation in subsoils and lower 
soil layers
 
In the 1980s, the leaching process was exacerbated 
by the lowering of the saline groundwater table in 
the western zone of the saline region of the NCP, 
causing salt to accumulate in subsoil horizons and 
lower layers of the soil. Consequently, there were 
changes in soil salinity in the 0–20 cm layer. In 
addition, there was a decrease in the area affected by 
salinity and in the level of salinity in the surface 
layers. For example, Figure 3 shows that salt 
accumulated significantly in the subsoil horizons 















0–1 0.55 60 23.05 2.93 21.65 57.5 6.34 2.6
1–5 0.35 18 5.58 0.90 6.18 15.35 1.73 3.2
5–10 0.4 11.8 3.78 0.98 3.95 9.9 1.17 3.1
10–20 0.45 8.3 2.83 0.45 2.68 8.15 0.86 2.9
20–30 0.45 9.1 2.80 0.53 3.20 7.7 0.90 3.3
30–40 0.45 6.1 2.43 0.38 2.33 6 0.69 2.5
40–50 0.45 4.95 2.00 0.35 2.05 4.6 0.57 2.5
50–60 0.45 4.15 2.58 0.35 2.48 4.1 0.59 1.6
60–80 0.45 3.4 1.10 0.30 1.55 2.35 0.36 3.1
80–100 0.5 3.05 1.35 0.33 1.63 2.35 0.38 2.3
100–140 0.5 2.9 1.33 0.35 1.48 2.4 0.37 2.2
140–160 0.55 2.2 1.40 0.30 1.45 2.05 0.34 1.6
160–180 0.35 2 1.15 0.33 0.98 2.05 0.29 1.7






0–10 0.3 22.5 4.70 1.03 3.93 22.3 1.92 4.8
10–20 0.3 10.2 1.55 0.40 1.55 9.7 0.81 6.6
20–40 0.45 9.2 0.20 0.28 1.08 7.35 0.58 46.0
40–60 0.4 8.1 0.83 0.35 1.38 6.7 0.59 9.8
60–80 0.35 7.95 0.33 0.35 1.33 5.6 0.51 24.1
80–100 0.35 5.1 0.13 0.23 0.85 3.55 0.33 39.2
100–120 0.35 3.6 0.15 0.18 0.78 2.35 0.24 24.0
120–140 0.3 3 0.20 0.18 0.63 2.1 0.22 15.0
140–160 0.3 3 0.25 0.18 0.53 2.4 0.22 12.0
160–180 0.3 3 0.28 0.20 0.63 2.2 0.23 10.7
 




(40–100 cm) of Heijian County. In 1990, the same 
process occurred in the middle zone of the region. 
Table 2 shows the mean total salt content for 43 
profiles along the 20 km Daima Canal transect in 
Nanpi County and for 14 of these sites that were 
selected to represent the status of salt accumulation 
in subsurface and lower layers. The results are 
representative of the variation in soil salinisation for 




The NCP has a monsoon climate, with annual wet 
and dry seasons. Under natural conditions, salt 
leaches out in the wet season (July to September) 
but accumulates at the surface during the dry 
season, particularly from March to May. Water and 
salt movements vary with seasonal changes. In 
winter, salt and water are frozen and immobile; in 
spring salt accumulates in soils; in summer it 
leaches out; and in autumn it moves slowly to the 
soil surface. Hence, seasonal changes cause salts to 
be redistributed in soils, both vertically and 
laterally. Evaporation of the shallow groundwater 
has led to high salt concentrations in certain surface 
soils, but final concentrations depend on soil 
texture and heat.
Figure 4 shows salt content in the soil profile at 
Nanpi County (in the middle zone of the NCP 
saline region) at different times of the year. Salt in 
the 0–10 cm layer in this profile migrated upwards 
with capillary water, and accumulated in the upper 
soil layers in winter and spring. In July and August 
(summer), heavy rains leached salts to subsoil 
horizons or deep layers in the regolith and 
decreased the total salt content. This process tends 









in these soils, thus increasing soil sodicity.
In contrast, following the wet season, the total salt 
content increased rapidly in the profile as water 
evaporation increased. There was a sharp change in 
soil salt levels in the layer above 40 cm and a gradual 
Total salt content (%)















Figure 3.  Distribution of salt content in seven different 
soil proﬁles in Heijian County.
Table 2.  Soil salinity on a transect along Daima Canal, 
Nampi County, 1997.
Depth (cm)





0–10 0.12 0.04 0.13 0.05
10–20 0.11 0.03 0.12 0.06
20–30 0.11 0.04 0.12 0.08
30–40 0.14 0.06 0.13 0.11
40–60 0.25 0.36 0.15 0.22
60–80 0.23 0.24 0.15 0.15
80–100 0.20 0.15 0.13 0.10
100–120 0.25 0.22 0.15 0.14
SD = standard deviation; TSC = total salt content
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Figure 4.  Salt distribution in the soil proﬁle at Nanpi 
County at different times of the year.
 




change from 40–60 cm; below 100 cm, the level was 
relatively stable. For example, in 1998, 252 mm of 
rain fell in 24 hours, giving rise to large amounts of 
water in ponds and depressions (Mao and Liu 
2000). Regional climatic data suggest that when 
there is about 300 mm of rainfall in 24 hours and a 
runoff volume of 24–85 mm, such conditions will 
occur. It is estimated that the root zone (about 2 m 
deep) could contain as much as 145 mm of 
precipitation. When there is more than 50 mm of 
rain at any one time, salt could accumulate in the 
40–80 cm layer in the profile if it was carried with 
water seeping down under gravity. Salt loss occurs 
naturally only in the soil layers above 60 cm. In the 
coastal region, the groundwater is shallow and has a 
relatively high total salt content. The dynamics of 
salinisation in the coastal zone are considered to be 
basically the same as for Nanpi County. 
 
Localised spatial distribution of salinisation 
 
Figure 5 shows the nonuniform distribution of the 
salt ions among three saline soils in the Dalangdian 
depression, located 10 m apart from each other. We 
measured large differences in salt concentrations or 
accumulations at the surface of these profiles. For 
example, at the eastern point, the saline soil profile 
had an uneven distribution of salt concentration 
because of differences in the water–salt movement 
caused by variations in surface microtopography, 
soil compaction, soil texture, ditch arrangement 
and water allocation. Salt concentrations were 
variable or ‘transient’ depending on the 





Primary alkalisation was uncommon in the three 
study regions on the NCP, but secondary 
alkalisation appeared to be an increasing problem 
because of ‘artificial’ or farming activities, even 
though there was less salinisation and a smaller area 
was affected. Alkalisation has occurred via two 
pathways. First, as the natural environment has 
altered, saline soils have begun to lose salt and have 
gradually transformed to more alkaline saline soils. 
Second, alkalisation has resulted from poor land 
management, such as applying high levels of 
fertilisers or irrigating with highly saline water. The 
commonly believed theory is that, as the 
groundwater level was lowered, salts moved from 





 ion was adsorbed by complex colloids to form 












) > 4 (in 
cmol/L). 
Alkalisation and salinisation sometimes occur in the 
same zone. Alkalisation occurs mainly as a result of 
alkaline freshwater from deep groundwater areas 




















-rich and fresh waters can develop sodic 





adsorbed on its surface) and can 
disperse as rain or surface water percolates through 
soils. This causes soil particles to move with the 
water and collect in holes or at low-lying sites, 
making it difficult for water to move through soils. 
Consequently, at lower-lying sites, after evaporation, 
soil tended to form a layer of ‘tile-like’ pieces about 
1–5 cm thick, covered by a layer of blue-green algae. 
However, at higher sites, a gray, thin silt–sand layer 
about 0.5–1.0 cm (sometimes up to 3 cm) was 
formed on the soil surface, under which was a crust 
about 1 cm thick. There was a honeycomb-like layer 
2–3 cm below the soil crust of ‘tile-like pieces’; under 

















Figure 5.  Salt distribution in the soil proﬁle in three 
saline soils 10 m apart, near the Dalangdian 
depression.
 




that was a layer of 20–30 cm consisting of aggregated 
soil particles and sandy soil. Tables 3 and 4 show 
properties of sodic soil profiles in Hejian. An 
alkaline soil near Hejian has recently been found to 






 content of more than 0.7 cmol/km.
Alkaline soils were categorised into ‘slightly sodic 
soils’, ‘moderately sodic soils’, ‘severely sodic soils’ 
or ‘solonetz soils’, depending on the degree of 
alkalisation, the proportion of alkaline area and 
their toxicity to crops or plants. For example, if the 
sodic area was more than 60–70% and the degree of 
sodicity more than 40–50%, the soil was identified 
as solonetz. Alkaline soils were classified as coastal 
meadow sodic soils, meadow sodic soils or sodic 
Chao soils depending on whether they occurred in 






The study region is semiarid with a continental 
monsoon climate. The average annual rainfall is 
500–600 mm. Rainfall distribution is uneven in most 
years (coefficient of variation 30–40%), with 3% of 
the total rain falling from December to February, 
16% from March to May, 79% from June to August, 
and 2% from September to November. Thus, the wet 
season lasts for three months, with the other months 
essentially remaining dry. Yearly potential 
evaporation is three to four times more than 
precipitation, so drought and waterlogging occur 
alternately. Waterlogging may be accompanied by 
salinisation. Water and salts accumulate in spring 
and decrease in summer. Climate strongly influences 
evaporation and concentration of salts in 
groundwaters, with mineralisation being 2–5 g/L. 
Consequently, salinisation occurs easily, with total 




Landform in the study region is strongly controlled 
by old river systems and includes flat highlands, 
sloping land, flat lowlands and wetland depressions. 
Surface runoff could drain away in flat highlands, 
recharging groundwater, raising the watertable and 
tending to cause soil salinisation.






Na+ (cmol/kg) ESP (%)
0–5 8.84 4.63 0.75 16.11
5–10 9.10 4.82 1.60 33.28
10–20 8.96 6.56 1.70 29.85
20–40 8.92 8.05 1.80 22.41
CEC = cation exchange capacity; ESP = exchangeable sodium
percentage







2– Ca2+ Mg2+ Na++K+
0–5 0.05 1.00 0.30 0.33 0.05 0.09 1.35 0.14
5–10 0.00 0.99 0.40 0.06 0.10 0.04 3.14 0.16
10–20 0.00 0.60 0.52 0.16 0.13 0.17 2.00 0.13
20–40 0.00 0.36 0.63 0.30 0.18 0.14 2.57 0.14
40–60 0.11 2.04 1.14 0.10 0.21 0.11 3.04 0.26
60–100 0.05 0.76 2.60 0.42 0.07 0.07 4.78 0.29
100–150 0.05 0.76 2.03 0.15 0.10 0.14 1.74 0.18
TSC = total salt content
 






The parent material in the region is alluvium from 
the Huang and Hai rivers, which overflow and 
change course many times. Sandy loam soils 
develop because of their close proximity to rivers, 
whilst clayey soils may develop further away from 
rivers. Loamy soils occupy zones between the sandy 
loam and clayey soils. The stratification and 
variation of parent materials with certain salt 
minerals is the primary cause of saline soil 
formation in the study region. Table 5 shows the 
distribution of soil texture characteristics in the 
area. In 2-m profiles, silty clayey loams were 
relatively wide-ranging; this is a condition for 
salinisation. Silty clayey loams and clayey loams 
were dominant in topsoil; clayey soil occupied 
nearly one-third of the total area in the bottom soil. 
Clayey layers at depth could be an obstacle to salt 
movement.
 
Surface water and groundwater
 
Salinisation requires water to transport salts in and 
out of the regolith. Fresh surface water can 
transport salt from one catchment to another in 
floods. Saline groundwater can transport salts at or 
to certain critical depths, although the water moves 
slowly in a lateral direction. Runoff water is the 
main way in which groundwater in the study region 
is recharged. In some seasons, water can result in 




The study region contains zones that are rich in 
various types of soluble salts. The dominant source 
is the shallow layer of salty groundwater. Water 
from the upland river systems played a major role in 
the past but its importance has decreased in the last 
30 years and such water is no longer a source of salt.
Saline waters (2–3 g/L) and salty waters (> 3 g/L) 
occur in the groundwater systems that underlie 




 or 51%). There are 













; the total salt 
content depends directly on the concentrations of 
these ions. Groundwater was the most active cause 
of saline soils. However, saline soils have gradually 
decreased in extent because the groundwater levels 
have declined during the past 20 years.
Wind and air are other sources of salt accumulation 
in coastal zones. Salt from the sea can be carried 
long distances inland by wind as spindrift or can fall 
to the ground with rain after being carried by warm 
northwesterly winds.
‘Desalted Chao soil’ results from large-scale 
improvements in saline soils. Surface soils have 
gradually lost salt as water, fertiliser and salt 
regimes have changed. However, salt remains below 
the subsoil and is therefore a potential source of 
surface salt, which could accumulate if groundwater 
levels rise.
 
Clay Minerals in Soils of the 




Clay minerals (< 2 µm) in the study region consist 
of aluminosilicates and a range of oxides, 
hydroxides and oxyhydroxides. These minerals 
occur in most soils and exhibit colloidal properties, 
which make soils stable (prevent erosion), play a 
key role in nutrient mineralisation and control the 
physical and chemical processes of soil formation. 








Proportion of land (%)
LS SL ZCL CL LC
 
0–20 0.08 1.77 45.49 41.66 11.01
20–60 0.33 2.89 41.35 31.92 23.51
60–100 1.29 4.83 36.46 24.67 32.75
100–200 5.64 11.93 46.00 5.74 30.68
 
CL = clayey loam; LC = loamy clay; LS = loamy sand; SL = sandy
loam; ZCL = silty clay loam
 




develop in the process of soil formation, clay 
minerals all have a unique set of characteristics: they 
are stable, they are resistant to weathering, and they 
are very fine-grained. Research involving 
aluminosilicates (or clay minerals) is important in 
understanding the origin, classification and 
utilisation of soils.
There has been little research on the nature and 
properties of clay minerals of saline soil in the Haihe 
low plain; there are a variety of opinions about the 
composition of clay minerals. According to Xiong 
and Liu (1987), the major component of the Chao 
soil is Hydromica (illite), and the yellow Chao soil 
(a subclassification of Chao soil) is mainly 
composed of Hydromica, with chlorite and smectite 
as minor components. Xiong and Liu (1987) 
suggested that Chao soil is mainly composed of 
Hydromica (90%), with smectite, kaolinite and 
vermiculite as minor components. X-ray diffraction 
(XRD) and X-ray fluorescence (XRF) were used to 
obtain further information about the composition 




Tables 6 and 7 and Figure 6 show properties of soil 
collected in Xiaowang village, Nanpi County. The 
soil is characterised as moderately saline Chao soil; 
there is a shallow watertable at about 4 m. Changes 
in soil texture in the profile are obvious because of 
the influence of the alluvium of old and modern 
rivers. The profile studied is typical of the region. 
 
Composition of clay minerals
 
XRD and XRF were used to determine the clay 
mineral composition. Figure 7 shows the pattern of 
XRD of clay fractions from soil samples treated with 
magnesium-saturated glycerol and air-dried. 
Samples were taken from five soil layers. Hydromica 
or illite (1 nm), smectite (1.83 nm), chlorite or 
vermiculite (1.42 nm and 0.353 nm), kaolinite and 
microcrystal quartz (0.426 nm) were found in every 
layer. Hydromica is the major mineral in the soil in 
this region; minor minerals include kaolinite, 
chlorite and montmorillonite; and trace minerals 
are microcrystal quartz and vermiculite. 
Amorphous material was not considered in this 
study. The mineral composition of the clay mineral 
was not closely correlated with soil texture. Chlorite 
and vermiculite had four feature peaks at the same 
position, but the two kinds of minerals can be 
roughly diagnosed by peak intensity. 
Table 7.  Properties of Chao soil at Xiaowang village, Nanpi County.
Depth (cm)
Proportion of soil components (%)
SiO2 Al2O3 Fe2O3 TiO2 MnO CaO MgO K2OP 2O5 Other
0–15 47 23 9 0.56 0.16 0.56 4.8 3.7 0.3 11
15–35 48 22 9 0.6 0.15 0.86 4.4 3.6 0.3 11
35–75 48 22 9 0.56 0.13 1.08 4 3.5 0.3 11.5
75–160 47 22 8 0.53 0.11 1.27 3.4 3.3 0.2 14
160–250 49 21 10 0.56 0.1 0.42 4.6 3.9 0.5 10





0–15 L Firm 0.89 8.11
15–35 L Firm 0.94 8.22
35–75 SL Soft 1.64 8.20
75–160 ZC Rigid 1.16 8.23
160–250 S - 0.72 8.37
EC = electrical conductivity; L = loamy; S = sand; SL = sandy
loam; ZC = silty clay
 




A barium-saturated solution can also be used to see 
if the peak at 1.42 nm disappears or appears at 
1.2 nm. Figure 8 shows the results for three soil 
layers. The peak beyond 1.42 nm disappeared, but 
peaks were otherwise similar to those in the 
magnesium–glycerin treatment: peak position did 
not change but peak intensity did. These data 
suggest that vermiculite is not very likely to occur in 
saline Chao soil.
 
Difference between soil layers
 
The theory of XRD requires the different peaks at 1.2, 
1.4, 1.8, 2.4, and 3.2 nm to be adjusted by a weighting 
factor relative to the 1.0 nm peak so that peak 
intensities are strictly comparable. The PW 1800 
XRD instrument (Philips) fitted with a variable 
automatic divergence slit can be used to 
approximately cancel out the influence of relatively 
broad peaks. The intensities of the diffractions of 
different layers suggested that the peaks of bottom-
layer soil (160–250 cm) were the most intense and 
those of the clayey layer (75–160 cm) were the 
weakest in all layers. The data also indicated the 
decrease of crystallinity in finer grains. The peaks of 
higher-angle spacings were very weak or not obvious, 
which showed that crystallinity was poor and there 
were smaller amounts of interlayer minerals. 









 in this diffraction. For clays in 
the bottom layer with a coarser texture, the 
intensity of the chlorite peak was higher than that 
of kaolinite; in other layers the reverse was true (see 
Figure 7). The clay minerals in each layer reflect the 
integrated effect of the parent material and the 
environment. The mineral composition and 
crystallinity in the bottom layer were similar to the 
loess parent material (Mao 1998), indicating that 
the material in this area came from the Loess 
Plateau. The clay minerals in the upper layers, 
however, were not very different from those in the 
bottom layer. The results also show that bioclimatic 
conditions have had little effect on the composition 
and changes of clay minerals during the short time 
for which there are records.
 
Effects of clay minerals on properties of 
saline soil 
 





 (e.g. > 15%) can lead to 
dispersing in water. Illite (Hydromica) and smectites 
tend to disperse easily in soils with wide ranging 
electrolytic concentrations (Rengasamy and Sumner 
1998). The content and properties (e.g. fine particle 
mixtures with < 0.2 µm) of the clay minerals in soils 
may influence the physical and chemical properties 
of colloids in soils. For example, in saline soils that 









enhance the dispersion of illite by comparison with 
Ca. Soils of the NCP are known to tend to become 
alkaline in the process of losing salt; further research 
on the mechanism for this is needed. 
 
Interpretation of Thematic 
Mapper Data
 
Thematic mapper (TM) data or images can provide 
information on the distribution of saline soils. 
Chapter 16 provides an introduction to Landsat 
Thematic mapper data. From previous work by 
Tian et al. (1995) using TM data from 1985, 
variation in the distribution and extent of saline 
Particle content (%)



















Figure 6.  Distribution of different sized particles in 
Chao soil at Xiaowang village, Nanpi County.
 




soils patches was assessed for the Cangzhou 
prefecture from 1985 to 1997. After 1985, the area of 
the NCP covered by saline soils greatly decreased 
and salinity was reduced as water resources were 
fully used for irrigation. Table 8 shows the results of 
TM interpretation for an image acquired in 1997. In 
the southwest (Suning, Renqiu, Xian, Botou, 
Dongguang and Wuqiao), the dominant soils are 
slightly saline, accounting for 30% of the total area. 
In coastal areas (e.g. Huanghua, Haixing, Zhongjie 
and Dagang) there are large areas of moderately or 


























Figure 7.  X-ray diffraction pattern of clay treated by magnesium–glycerol.
Figure 8.  X-ray diffraction pattern of clay treated by barium.
 




Developing Strategies for Dealing 
with Saline Soils
 
The improvement and use of saline soils should take 
into account season, local conditions and type of 
crop, and combine specialised use with 
comprehensive control. Technical measures should 
be based on knowledge about the causes of saline 
soil and the principles of movement of water and 
water–salt. It is important to find solutions for the 
permanent control of salinisation as well as quick 




Controlling salt movement into soils
 
. The normal 
growth of crops prevents salt from going into 
the upper layers of the soil. Improved irrigation 
and drainage are required to control the rise of 
the groundwater table and environmental salt 
accumulation. For example, landwater could be 
irrigated with saltwater and freshwater 
alternately, surface mulch could be used or 





. In saline cultivated 
fields and/or grassland the normal growth of 
crops or grasses will be encouraged by measures 
that remove excessive salt from the soil—for 
example, using freshwater storage to leach salt 
out, removing the salt in the surface layer or 
replacing soil. 
Table 8.   Extent of soil salinity in Cangzhou Prefecture determined by Thematic mapper.
Location






County Huanghua 2.64 2.39 0.58 0.28 5.89
Haixing 0.70 1.29 0.57 0.44 3.00
Zhongjie 0.58 0.25 0.09 0.01 0.93
Nandagang 0.43 0.43 0.14 1.00
Yanshan 0.84 0.20 1.04
Mengcun 0.62 0.22 0.84
Qing 0.32 0.31 0.06 0.02 0.70
Cang 1.03 0.23 0.04 0.03 1.33
Nanpi 0.23 0.21 0.11 0.03 0.58
Dongguang 0.29 0.13 0.03 0.45
Wuqiao 0.11 0.03 0.14
Botou 0.18 0.12 0.30
Xian 0.52 0.37 0.08 0.97
Hejian 0.42 0.24 0.01 0.67
Renqiu 0.49 0.17 0.66
Suning 0.14 0.14
Type of  area Coastal  7.12 5.31 1.48 0.78 14.68 
Middle and inland  2.42 1.28 0.23 0.03 3.96
Total 9.54 6.59 1.71 0.81 18.65
 






Establishing a fertile soil layer
 
. An agronomic 
proverb says, ‘The more fertiliser, the less saline-
alkali soils.’ Improving soil fertility and reducing 
salt in the surface layer will result in 
improvements in physical and chemical 
properties of the soil and in biological activity, 
with better soil structure, higher nutrient 
content and better self-regulating capacity. The 
movement of capillary water will also be 
restrained. Therefore it is necessary to reduce 
evaporation and salt accumulation in the surface 
soil to promote crop growth. 
•
 
Adaptive cultivation of plants and crops
 
. Crops 
and grasses have different tolerance for salt in 
different water and salt environments, so selected 
crops or grasses must be cultivated on the basis of 
different types and salinities of soils. In addition, 
some agronomic measures are required—for 
example, delaying the time of seeding.
 
Using the appropriate technique for the 




Slightly salinised soils lie in the upper soil layers 
where there are good irrigation and drainage 
systems and surface or groundwater flows. In the 
study area, the groundwater was usually at 3–4 m, 
but sometimes at 5–8 m. Some shallow wells contain 
salty or slightly salty water that can be used to a 
limited extent. Cultivated lands that lack irrigation 
equipment could yield only 750–1500 kg/ha, in 
contrast to areas with irrigation systems that could 
yield about 6000 kg/ha. Poor physical properties are 
some of the main factors preventing crops from 
utilising saline soils. The key limiting factors are 
drought and reduced fertility. Techniques to 
improve the soil should therefore emphasise 
drought resistance, moisture preservation and soil 
fertility. Examples are:
• greatly exploiting water sources and water-
saving irrigation, for instance by using 
moderately salty water, collecting local rainfall, 
introducing offsite water use or improving the 
capacity of the soil to retain moisture; 
• fertilising soils to adjust the relationship 
between fertiliser and salt, for example by 
applying organic matter, feeding straw back to 
the soil, combining chemical fertiliser and 
manure or rotating cultivation to increase 
biomass and soil fertility; 
• paying more attention to arid agricultural 
techniques to maximise crop yield under 
conditions of drought and salinisation, 
particularly by ploughing, harrowing and 
getting rid of weeds; 
• regulating crop distribution, for example by 
selecting drought-resistant varieties or growing 
crops like corn, soybean, cotton and pasture; 
and
• covering the soil surface with plastic film to 





Moderately saline soils can be irrigated and drained 
to some extent, but cannot escape waterlogging in 
some wet seasons. The groundwater table in the 
study region was at about 2.5–3.5 m, with a large 
amount of salty water. Drought, low fertility and, 
especially, salinity were the main limiting factors. 
The following improvement techniques therefore 
concentrated mainly on cultivation and 
management in the better drainage systems: 
• flattening land in order to reduce the effect of 
microrelief on salt accumulation; 
• changing seeding practices to take better 
account of water and salt movements; 
• applying fertiliser to soils to improve soil 
productivity and allow more suitable plants to 




















• regulating crop and grass distribution; 
• covering the soil with plastic film and straw; and 
• treating seeds with special biochemicals to 
protect seedlings from diseases and insect pests.
 
Severely salinised soils 
 
Most severely salinised soils occur as large areas in 
coastal regions, but smaller patches are scattered 
away from the sea. These soils lie in low areas with 
poor drainage, where it is easy to accumulate water 
in wet seasons. The depth to groundwater was 0.5–
1.5 m, but salty water that could not be used for 
irrigation was extensively distributed in the area. 
Improving the soil therefore focused on developing 
better drainage systems, pasture and husbandry 
rather than on crop cultivation. In particular, it 
focused on developing and using the existing 
natural pasture and introducing salt-tolerant plants 




















Developing Strategies for Dealing 
with Sodic Soils
 
In the past, the problem of sodic soil on the NCP 
seemed of low significance in comparison to the 
damage caused by salinity. Sodic soils have very 
poor physical and chemical properties and are more 
difficult to improve than saline soils. Therefore, 
integrated measures are needed to reclaim sodic 
soils, including the following measures: 
• improving irrigation and drainage systems, and 
controlling the groundwater table;
• constructing field terraces (similar to bed 
farming) to conserve rainfall; 
• applying fertilisers, in particular, combining 
chemical fertiliser with manure, to improve soil 
productivity; 
• planting salt-tolerant grasses; and





Saline and sodic soils on the NCP present a serious 
problem for sustainable agricultural development. 
The area covered by saline soils has greatly 
decreased since 1980 but further improvements in 
soil and water management practices through both 
temporary and permanent measures are needed.
We need to develop a regional perspective that will 
allow the management of saline and sodic soils to be 
integrated into a comprehensive management 
package. This would aim to improve use of soil 
resources to increase crop yields and arrest the 
decline in soil quality. We can then develop models 
of soil processes and recommend strategies to 
ameliorate existing problems and prevent further 
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14 The Effects of Soil Moisture 
and Nutrients on Cropland 
Productivity in the Highland 
Area of the Loess Plateau
Yinli Liang,* Shaozhong Kang† and Chenge Zhang*†
Abstract
Soil moisture and nutrient distribution, and their effect on cropland productivity in the tableland area of the
Loess Plateau, were studied. For major crops, the following characteristics were investigated: sensitivity to water
stress at different stages of growth, methods for improvement of crop water use efficiency and soil nutrient input
and output of a cropland ecosystem in the tableland area of the Loess Plateau. This chapter discusses how soil
fertility can be improved in a cropland ecosystem, the effects of fertiliser on crop productivity under different pat-
terns of rainfall, how fertiliser use can be linked to productivity, optimum fertilisation and factors affecting the
efficiency of fertiliser use. It describes key factors limiting cropland productivity and the main measures by which
productivity can be increased in the tablelands of the Loess Plateau. 
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THE HIGHLAND area of the Loess Plateau is situated 
in the central southern portion of the plateau. The 
Overview provides background information on the 
region; Figure 1 of the Overview shows its location. 
The climate is classified as a semihumid temperate 
zone with an average annual temperature of 7.0–
13.5°C and a frost-free period of 140–230 days. 
Most areas can support three harvests over two 
years but some regions in the eastern part can 
achieve two harvests per year. Average annual 
precipitation is 500–600 mm, with wide variation 
between years and seasons, so the soil is frequently 
deficient in moisture. The area is a typical dryland 
farming area where agricultural production 
depends mainly on rainfall. Rainfall is concentrated 
in the period from July to September, so there is a 
water shortage in spring and winters are dry and 
cold. The soil is moderate loamy Heilu soil, formed 
from deep Malan loessial soil. It is suitable for 
dryland cultivation due to its porous nature and 
high capacity to hold water: 500–600 mm of rainfall 
can be stored in the top 2 m of soil in this region. 
The soil functions as a reservoir and is important in 
sustaining production of the staple crops, which are 
winter wheat and summer corn. These crops 
account for 70–80% of sowing in the region and 80–
90% of food crop production. 
Critical problems in agricultural production in the 
highlands are the small area of land available for 
growing crops, soil erosion, frequent drought and 
low crop yield. 
The overall aims for ensuring food production in 
this small highland region, with many slopes and 
gullies, are: 
• to improve the efficiency of water and land 
resource use, and increase productivity, by 
increasing fertiliser use through the combined 
application of manure, nitrogen (N) and 
phosphorus (P);
• to focus on soil moisture, nutrient cycling and 
nutrient balance in the cropland ecosystem;
• to investigate the theories and techniques of 
improving land productivity to promote 
development of the regional economy; and 
• to investigate solutions to the problems of high 
population density, which places demands on 
land and water resources and the ecosystem. 
The Effect of Soil Moisture on 
Cropland Productivity
Soil moisture characteristics
In the highland area of the Loess Plateau, most soil 
is loamy; its moisture capacity reaches 800–900 mm 
in the 0–200 cm layer because the soil has many 
interspaces. Precipitation is about 600 mm, so the 
soil’s capacity to hold moisture constantly exceeds 
precipitation. The deep layer of water held in the 
soil makes the Loess Plateau a highly suitable 
environment for plant growth. To promote use of 
this deep soil moisture by crop roots requires an 
understanding of crop root growth and stage of 
development.
Productivity
The highlands of the Loess Plateau are typical 
dryland farming areas, where soil moisture and 
nutrients are the main factors limiting crop 
production. During 1986–90, crop productivity was 
low and the main limiting factor was soil fertility 
rather than soil moisture; yields were improved 
mainly by increasing fertiliser. During this period, 
lack of nutrients led to a decrease in the yield of 
winter wheat (by 29.3–54.6%) and of summer corn 
(by 5.2–35.6%). Fertiliser use gradually improved 
soil fertility and in 1991–95 low fertility was 
responsible for only a 1.6–2.8% decrease in yield, 
with soil moisture the main factor limiting 
productivity. In 1986–91, moisture shortage led to a 
fall in the yield of winter wheat (of 3.0–17.9%) and 
of summer corn (of 4.6–21.7%). However, in 1992–
95, the effect of low soil moisture was greater, 
causing yield to fall by 5.9–75.2% in winter wheat 
and by 13.3–72.8% in summer corn.189
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Historically, fertiliser input in the Loess Plateau 
region has been low; in large areas of the region 
fertiliser input is currently insufficient because of 
economic constraints. Thus, nutrient stress is a 
limiting factor for improving productivity in the 
long term. However, water shortage is becoming 
more important than nutrient stress as a limiting 
factor for productivity, particularly in regions 
where initial productivity is high and the rural 
economy is relatively active.
The Effect of Soil Nutrient 
Distribution on Cropland 
Productivity
Soil nutrient distribution in the highlands 
of the Loess Plateau
Table 1 shows the soil nutrient distribution in the 
highlands of the Loess Plateau. The coefficient of 
variation for each nutrient is large, particularly for 
available P and potassium (K). Overall, the soil is 
low in organic matter, N and P, but rich in K.
Effect of nutrient on cropland productivity
Use of N fertiliser improved the yield of winter 
wheat. Studies from 1984 to 1995 on Heilu soil 
showed that adding N increased winter wheat yield 
by 84.8–186.7% (average 135.5%) (Liang et al. 
2000). The increase in wheat yield per kilogram of N 
was 6.9–27.1 kg (average 17.0 kg). However, as the 
quantity of added N increased, the impact on yield 
decreased. The effect of N fertiliser was also related 
to the quantity of P added. If enough P was used, N 
had a greater effect on yield and the decrease in 
impact with increasing amounts of N was less 
marked.
The use of P fertiliser improved winter wheat yield 
in Heilu soil by 0.3–48.4% (average 26.8%). The 
increase in wheat yield per kilogram of P was 6.3 kg. 
The effect of P was much greater if it was used 
together with N, as shown in Table 2. Similarly, the 
effect of N was greater when combined with P. N 
combined with P fertiliser produced a wheat yield of 
2233–3495 kg/ha (average 3049 kg/ha)—an 
average increase of 139.6% when compared to using 
no fertiliser, of 25.4% compared to using only N 
and of 25.4% compared to using only P. 
Sensitivity of Different 
Growth Stages of Major Crops to 
Water Stress 
Limited-water irrigation and optimal management 
of limited water resources is based on variation in 
the sensitivity of different growth stages of a crop to 
water stress. Little is known about the water 
sensitivity of different stages of winter wheat and 
summer corn on the semiarid Loess Plain. The 
Jensen multiplication model (Jensen 1986) 
describing water sensitivity is more sensitive and 
more practical than the addition model in China 
(Kang and Dang 1987). Hence, we used the Jensen 
multiplication model to determine the relation 
between crop yield and water consumption (Jensen 
Table 1.  Soil nutrient distribution in croplands in the 
highlands of the Loess Plateau.
Range Average 
Organic matter 4.78–13.94 g/kg 9.45 g/kg
Nitrogen 0.410–1.055 g/kg 0.75 g/kg
Available nitrogen 34.0–74.9 mg/kg 53.7 mg/kg
Available
phosphorus
0–25.3 mg/kg 6.3 mg/kg
Available
potassium
88.2–367.3 mg/kg 175.1 mg/kg
Table 2.  Effect of combining nitrogen and 
phosphorus fertiliser.





90 0.3 29.5 39.1
180 2.2 34.9 48.4190
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1986). Taking the relative evaporation at each 
growth stage (i) as the independent variable, the 
effect on crop yield can be expressed as follows:
where Ya is actual crop yield, Ymis maximum crop 
yield if sufficient water is present, n is the ordinal 
number of the growth stage, ETa is actual 
evapotranspiration, ETm is maximum 
evapotranspiration and λi is the crop water 
sensitivity index of each growth stage (that is, the 
extent to which crop yield is affected by any water 
deficit). For this model, a high value of λi indicates a 
large reduction in crop output. Hence, λi is the 
crucial parameter in the model.
The aim of this study was to determine changes in 
water sensitivity for winter wheat and summer corn 
during the entire growth season, and propose an 
optimum water supply schedule for these crops in 
the Loess Plateau region.
Field experiments were conducted in plots sheltered 
from rain, at the Changwu Agro-Ecological Station 
of the Chinese Academy of Sciences on the Loess 
Plateau during 1995–97. Figure 4 of the Overview 
shows the location of Changwu; the station is 
approximately 1200 m above sea level. The mean 
temperature is 9.0–9.5°C and mean annual 
precipitation is 548 mm. 
The crops studied were winter wheat (variety 
Changwu 134) and summer corn (variety 
Danyu 13). For each crop, we investigated the soil 
moisture level and the stage at which the crop was 
irrigated. Three levels of soil moisture were tested: 
low (D) with a relative water content of 45–55%, 
medium (Z) with a relative water content of 55–70%, 
and high (G) with a relative water content of 75–
85%. Water treatment stages differed for the two 
crops. Development of winter wheat was divided 
into five stages: seedling (early October to early 
March), vegetative (early March to early April), 
jointing (early April to early May), heading (early 
May to early June) and the milk phase. Development 
of summer corn was divided into four stages: 
jointing (mid-June to mid-July), preheading (mid-
July to early August), flowering (early to late August) 
and the milk phase (late August to late September). 
A total of 15 different irrigation treatments were 
tested in winter wheat and summer corn, using a 
random design with two replications for each 
treatment. Plots were watered regularly according to 
soil moisture content. Before ploughing, N and P 
were sprinkled on the soil surface at rates of 
138 kg/ha and 112.5 kg/ha, respectively.
Time-domain reflectometry (TDR) was used to 
measure the soil water content at 15-day intervals. 
Crop water use was calculated from the soil water 
content measured at each growth stage. Crop yield 
was determined at maturity. The least squares 
difference method was used to test significant 
difference and the Jensen model was used to calculate 
crop water sensitivity at different growth stages.
Determination of crop water sensitivity
Data from the field experiments were used to 
calculate relative evapotranspiration from different 
growth stages and relative yield from different 
irrigation treatments using the Jensen model and 
the following equations (Equation 2 is for winter 




































































































































Water sensitivity at different stages
Equation 2 shows that the water stress index λi varied 
greatly among the different growth stages of winter 
wheat. The stage from seedling to vegetative had a 
highλi value and was crucial for the crop. The λi
value was lowest during the vegetative to jointing 
stage because the plants were relatively small at this 
stage and the temperature was low, so the plants 
grew slowly. Winter wheat grows rapidly from the 
jointing to the heading stage when leaves and stems 
and reproductive growth occur simultaneously. Leaf 
area increased rapidly at this stage and the weather 
became warmer, giving a high level of transpiration 
from the leaves. Thus, water deficit in this period 
greatly affected yield and the value of λi was high. 
The water stress index was also high from the 
heading to milk stage. This period is crucial for seed 
formation, so water deficit affects reproductive 
growth. During the milk to mature stage, plant leaves 
begin to turn yellow, transpiration decreases and the 
effect of water deficit on yield is reduced. The λi
value at this stage was low; this was expected because 
oversupply of water in this period delays maturity. 
Overall, the seeding to vegetative stage was the most 
sensitive to water deficit, followed by the jointing to 
heading stage, the heading to milk stage, the milk to 
mature stage and the vegetative to jointing stage. 
Equation 3 shows that the water stress index varied 
greatly among the different growth stages of summer 
corn. For the reasons given above for winter wheat, 
theλi value was low during the early period of 
nutritive growth before jointing but was high after 
jointing, due to nutritive and reproductive growth 
and increasing temperatures. The λi value was also 
high in the heading to milk stage, which is crucial to 
yield. During the milk to mature stage, the effect of 
water deficit on yield decreased, again for the 
reasons given above for winter wheat. 
Irrigation efficiency and water use efficiency 
of crops under limited water supply
At different stages of growth, water deficit affects 
yield differently. Table 3 shows that a yield of 
4500 kg/ha can be achieved with some water deficit. 
Controlled water deficit can benefit the output of 
winter wheat. For a target yield of 4500–5000 kg/ha, 
soil moisture should be sufficient before winter and 
at particular stages during the growth period. Of 
greatest benefit to output were alternate medium 
and high water treatments during the early period 
and water stress treatment during the late milk 
stage. For a target yield of 3750–4500 kg/ha, at least 
one stage of sufficient soil water during the whole 
growth period is needed. Alternate medium and 
high water treatments during earlier stages and 
water stress at a later stage were beneficial to yield. 
For a target output of less than 3750 kg/ha, there 
could be two stages of water stress treatment during 
the whole growth period.
Among the treatments in which the yield was higher 
than 3750 kg/ha, two alternating serious water-deficit 
stages gave a noticeably higher yield than did two 
continuous serious water-deficit stages. There were 
remarkable positive relationships between biomass 
and irrigation volume (r = 0.82,n= 15) and with 
grain yield and irrigation volume (r = 0.82,n= 15).
During the seeding stage, there were also positive 
relationships between biomass and irrigation volume 
and between grain yield and irrigation volume 
(r = 0.75,r = 0.74,n= 15): irrigation during the 
seeding stage was important to promote early vigour, 
for the plant to live through winter safely and to gain 
high yield. 
This was contrary to previous results, which showed 
two critical water sensitive stages for winter wheat: 
the first from the mother cell quartet of pollen to 
pollen forming stage, the second from the 
beginning of milk stage to the milk mature stage 
(Shan 1996). There are two possible reasons for this. 
First, the experimental treatments were different. 
Our study began water treatments before winter, 
when the seedling was incomplete; we used different 
drought degree treatments; and we divided the soil 
water treatment into five stages during the whole 
growth period. The previous study began most 
water treatments when the seedling was complete 192
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(after winter and the start of vegetative growth) and 
strong, and used different periods and degrees of 
water treatment. Second, our study was conducted 
in highland and gully regions in the semiarid 
environment of the Loess Plateau; this area is typical 
dry farmland, and drought was the main obstacle to 
crop production. We considered it important for 
winter wheat to have early vigour, grow strongly, 
live through winter safely and give a high yield 
(Liang and Richards 1999). The previous study 
focused on high yield rather than on water saving 
and high water use efficiency. If a grain yield of 
more than 3750 kg/ha is desired, the total water use 
should be 320–420 mm, with an irrigation volume 
between 260 mm and 300 mm at the seedling stage 
and before flowering; this will produce a high yield 
and a high irrigation efficiency. 
Table 4 shows that there were great differences in 
the grain yield of summer corn under different 
water treatments. The yield was lowest under 
sustained water stress and highest when there was 
sufficient irrigation during the total growth period 
of summer corn; the yield under light water stress 
was between these two extremes. Alternating water 
supply to the soil had different effects on grain yield 
in corn. Yield was lowest when plants suffered from 
serious water stress at all four growth stages; when 
three growth stages suffered from serious water 
stress, the yield was lower than when only two stages 
suffered such stress; similarly, when two stages 
suffered from serious water stress, the yield was 
lower than when one stage suffered from such stress 
during the growth period. Moreover, the yield 
depended on which stage was affected: water stress 
Table 3.  Effect of irrigation volume on irrigation efﬁciency (IE) and water use efﬁciency (WUE) of winter wheat, 1996–97.a
a Each value is the mean of four measurements from separate plots
Treatmentb
b D = low soil moisture with soil relative water content at 45–55%; Z = middle soil moisture with soil relative water content at 55–70%; G = high soil












D-D-D-D-D 2025 97 213 20.88 9.5
D-D-D-G-Z 3180 187 300 17.00 10.6
D-G-Z-D-D 3375 167 278 20.21 12.1
G-D-Z-G-Z 3405 269 385 12.66 8.8
Z-Z-Z-Z-Z 3570 241 359 14.8 9.9
D-Z-D-D-Z 3705 183 291 20.2 12.7
Z-D-D-Z-G 3870 241 338 16.1 11.5
Z-G-D-D-G 4020 281 387 14.3 10.4
Z-G-Z-D-D 4080 216 323 18.9 12.6
G-G-D-Z-D 4230 268 389 15.8 10.9
D-Z-G-Z-G 4245 302 403 14.1 10.5
G-G-G-G-G 4500 408 519 11.0 8.7
Z-Z-G-G-D 4500 302 420 14.9 10.7
G-Z-G-D-Z 4575 257 383 17.8 11.9
G-Z-G-G-D 4920 306 390 16.1 12.6193
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had a greater effect on yield after jointing and from 
the heading to milk stage than from the milk to 
mature stage. Grain yields of more than 7000 kg/ha 
could be obtained for corn when there was only 
light water stress if no serious water stress occurred 
at any time during the growth period.
Discussion
In the areas where water was limited, the central 
task was to save water while obtaining a high yield 
efficiently. The main objective of optimising or 
managing limited water resources is to increase the 
economic yield per unit water volume (Aston and 
van Bavel 1972; Blank 1975; Liang and Richards 
1999; Shan 1996; Steinberg and Henningger 1997). 
The results showed an obvious relationship between 
yield and irrigation volume. Moreover, for wheat 
yield, irrigation volume produced different effects 
at different stages of plant growth. Yield was most 
affected when seedlings were irrigated before 
March; irrigation at the jointing to heading stage 
produced the next greatest effect. The effect of 
irrigation at the vegetative to jointing stage and after 
the milk stage was relatively unimportant. 
Crop sensitivity to water stress was relatively high. 
The water stress sensitivity index, λi, was relatively 
large at the seedling stage but relatively low during 
the vegetative to jointing stage. The λi value 
increased after the jointing stage and was also high 
during the heading to milk stage, but began to 
decrease during the milk to mature stage (Equation 
2). The reason may be that the seedling stage is the 
crucial stage for root elongation and root system 
development. Liang and Kang (2000) studied the 
relationship between photosynthetic and soil water 
Table 4.  Effect of irrigation volume on irrigation efﬁciency (IE) and water use efﬁciency (WUE) of corn, 1995–96.a
a Each value is the mean of four measurements from separate plots
Treatmentb
b D = low soil moisture with soil relative water content at 45–55%; 
Z = middle soil moisture with soil relative water content at 55–70%; 












D-D-D-D 4370 136 218 32.1 20.1
Z-D-D-D 5216 186 286 28.0 18.2
Z-D-D-Z 5643 174 256 32.43 22.4
D-Z-Z-Z 6219 254 342 24.5 18.2
Z-D-Z-Z 6228 270 360 23.1 17.3
Z-Z-D-Z 6572 335 416 19.6 15.8
Z-Z-Z-D 6905 220 322 31.4 21.4
Z-Z-Z-G 7497 259 357 28.9 21.0
Z-G-Z-Z 7497 277 370 27.1 20.3
G-Z-Z-Z 7641 383 473 20.0 16.2
Z-Z-Z-Z 7991 277 370 28.8 21.6
Z-Z-G-Z 8244 391 515 21.1 16.1
Z-G-G-G 8945 492 564 18.2 15.9
G-G-G-G 9371 554 661 16.9 14.2
Z-G-G-Z 10,062 447 526 22.5 19.1194
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deficit at different growth stages; the highest ratio of 
photosynthetic sensitivity to soil water deficit 
occurred at the booting to heading stage. At this 
time, the temperature was relatively high, water 
consumption was relatively large, water 
requirements were urgent and there was an 
increased sensitivity to water deficit. This suggests 
that water deficit affects not only photosynthesis, 
but also grain yield. The yield would be little affected 
if water stress occurred after the vegetative or milk 
stages, but would be affected greatly if the water 
stress occurred after the jointing or heading stage. 
Thus supplementary irrigation should be arranged, 
if possible, for the seedling and jointing to heading 
stages. If soil water content during the seedling stage 
is sufficient for the formation of a strong seedling, 
irrigation should be applied if possible at the 
booting to heading stage rather than at other stages.
The water sensitivity index λi of summer corn also 
differed at different growth stages. It was relatively 
low before jointing, and it was high after the jointing 
stage and during the heading to milk stage; 
however, it began to decrease during the milk to 
mature stage. Water stress before jointing or after 
the milk stage had little effect on yield, but water 
stress after the jointing or heading stage affected the 
yield greatly. Hence, the heading stages should be 
given the highest priority for irrigation, followed by 
the after-jointing stage.
Soil nutrient input and output of cropland 
ecosystems
The soils of most cropland areas in the Loess Plateau 
region contain insufficient N for wheat and corn. In 
addition, there is not enough P available in the soil 
to satisfy crop needs. Consequently, both N and P 
are added in fertiliser. The soils of the Loess Plateau 
are rich in K, so K fertiliser is not usually applied.
Studies at Changwu Agro-Ecological Station from 
1984 to 1995 have shown that the efficiency of 
fertiliser use depends on precipitation. The fertiliser 
use efficiency for N was 6.4–58.6% (average 35.3%, 
coefficient of variation 48.7%); for P, the figure was 
3.7–19.8% (average 14.2%, coefficient of variation 
39.5%).
The fertiliser use efficiency for N and P depended on 
the quantity of fertiliser used. For P fertiliser 
(phosphorus oxide, P2O5) applied at 90 kg/ha and 
N fertiliser applied at 45–180 kg/ha, the fertiliser use 
efficiency was 25.4–42.9% (average 36.3%) in wheat. 
Main Conclusions
Long-term research on the Loess Plateau has shown 
that cropland productivity depends on many 
production factors. If fertility or water were limiting 
factors for the crop, the yield depended on time, 
space and productivity level. This was not the case 
for dryland farming areas, in which increased 
fertiliser application was the key to increasing yield 
and water use efficiency under certain water 
conditions. As productivity improves, water 
becomes more important in determining yield.
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When saline groundwater discharge areas are drained there is always concern over the level of salt within the dis-
charge water. In this study, groundwater discharge rates and quality were measured in an erosion gully that
drained a catchment with saline, sodic and acid sulfate-like soils (typical of discharge areas in the Mount Lofty
Ranges, South Australia).
The research determined that contaminants other than sodium chloride will be of concern if discharge areas are
drained. Even in very low rainfall years, drainage water contained up to 41 kg/ha/year of sodium but also 2 kg/
ha/year of sulfur. Losses of sulfur, magnesium and calcium followed a similar trend to sodium losses. The losses
of phosphorus were 0.005–0.007 kg/ha/year and nitrate losses were up to 0.002 kg/ha/year.
THE VOLUME of sodium chloride that is discharged 
into streams as a result of rising saline 
groundwaters in the agricultural regions of 
southern Australia is well documented (e.g. 
Schofield et al. 1988). The transport of nutrients 
such as phosphorus (P) and nitrate from 
agricultural catchments to waterways has also 
received a lot of attention in the international 
literature because of their environmental 
implications (Costin 1980; Greenhill et al. 1983; 
* CSIRO Land and Water, PMB 2, Glen Osmond, SA 5064, Australia. Email: jim.cox@csiro.au
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Haygarth and Jarvis 1996; Nash and Murdoch 
1997). Of particular concern is the eutrophication 
of water bodies caused by P attached to clay (e.g. 
Sharpley and Syers 1979; Sharpley et al. 1994).
In the > 600 mm annual rainfall region of the 
Mount Lofty Ranges, salt and colloids have recently 
been shown to be transported both over and 
through texture-contrast soils via overland flow and 
throughflow, respectively (Fleming and Cox 1998; 
Stevens et al. 1999). In the region of the Mount 
Lofty Ranges with < 600 mm annual rainfall, 
Pitman et al. (1998) showed that, over three years 
with average rainfall or less, overland flow was less 
than 1% of annual rainfall and was shed only from 
the lower slopes (near the drainage gullies). Thus 
contaminants are infrequently transported in large 
quantities via overland flow in these environments.
The removal of evergreen native vegetation for 
grazing in the Mount Lofty Ranges has significantly 
increased recharge to the fractured rock aquifer. Up 
to 20% of annual rainfall leaches below the root 
zone, even in below-average years (Pitman et al. 
1998). Groundwaters have risen to the land surface 
in low-lying areas and brought sodium (Na) and 
sulfur (S) from the weathered schist regolith (Cox et 
al. 1996). Highly corrosive, acid-sulfate conditions 
have then formed (Fitzpatrick et al. 1996; Brown 
1997). These conditions reduce the stability of the 
soils and result in gully formation. The gullies then 
drain these soils (Cox 1998).
Engineering options (e.g. drainage schemes) are 
being installed in some areas to rapidly lower 
shallow saline groundwaters. However, the 
biogeochemical and physical processes that are 
taking place in saturated, saline soils in 
groundwater discharge zones will vary depending 
on soil type, the nature of the groundwaters and the 
period of saturation (Fitzpatrick et al. 2000).
This study assessed the likely impacts on water 
quality of draining waterlogged, saline, sodic and 
sulfidic soils in the Mount Lofty Ranges. The 
volume and quality of drainage water in an erosion 
gully cutting through a series of these soils were 
studied over three years. The aim was to gain a 
better perspective of the relative quantities of salt 
and colloids being exported from agricultural 




The Overview provides some background 
information on the Mounty Lofty Ranges. The 
study was carried out in the Keynes catchment, 
near Keyneton, from 1994 to 1996. The catchment 
is located in the uppermost western part of the 
Murray–Darling Basin. Drainage flows southwest 
out of the catchment, then east to the Murray 
River (a major water supply for Adelaide). 
Climate, vegetation, soils and landscape features 
are typical of those throughout the Mount Lofty 
Ranges. A pluviometer attached to a weather 
station continually monitored rainfall and also 
measured evaporation (Table 1). The long-term 
(previous 30 years) average rainfall at Keyneton is 
544 mm (Bureau of Meteorology). From May to 
September, rainfall exceeds potential evaporation 
by a total of 185 mm.
Vegetation, soils and hydrology
Native vegetation has been cleared from most of the 
catchment. A mix of grasses, subterranean clover 
(Trifolium subterraneum L.) and cocksfoot 
(Dactylis glomerata L.), with invasions of salvation 
jane (Echium plantagineum L.), storksbill (Erodium
moschatum L.) and soursob (Oxalis pes-caprae L.), 
is now grazed by sheep and cattle.
The texture-contrast soils (Northcote 1960; 
Chittleborough 1992) of the catchment have 
formed over metasediments. They consist of 30–40 
cm of sandy loam (A horizon) overlying an argillic 
layer; the clay content of the B horizon is 20% 
greater than the overlying layer. The A horizon has 197
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a low water-holding capacity and a high saturated 
hydraulic conductivity; it is acidic to neutral 
(McMurray 1994; Pritchard 1998). The B horizon 
has a fine texture and generally low permeability 
but in places is ‘leaky’ due to macropores (Kirkby 
et al. 1997; Pritchard 1998). The B horizons are 
alkaline. The soils in the catchment receive 15 kg/
ha of superphosphate each year. The soils are 
mostly a series of Chromosols, Sodosols and 
Dermosols (Isbell 1996) or Xeralfs (Soil Survey 
Staff 1996), from Typic Palexeralfs on the crests 
through Aquic Palexeralfs on the mid-slopes to 
Natrixeralfs on the lower slopes and flats 
(McMurray and Cox 1995). A gully cuts through 
and drains areas of acid sulfate-like soils that have 
formed in the valley (Brown 1997).
A concrete triangular profile flat-V weir (Bos 1976) 
was installed in an erosion gully draining 
approximately 200 ha of the catchment (Fig. 1). 
Stage height was recorded every 10 minutes for 
three years using a Dataflow Pty Ltd capacitance 
probe attached to a single channel data-logger.
Flow rates were calculated in litres per second (L/s) 
using Equation 1 (Bos 1976):
where Q is the flow rate (L/s), Cd is the discharge 
coefficient (0.66), Cv is the approach velocity 
coefficient (1.0), g is the gravitational acceleration 
(9.8 m/s2), B is the channel surface width (m), Hb is 
the height of the crest (m), and he is the adjusted 
height of water over the weir crest in metres 
calculated from the formula he = h1–Kh where h1 is
the measured height of water in metres and Kh is a 
constant (0.0008 m).
Pitman et al. (1998) collected runoff and 
throughflow off fifteen 50 × 50 m plots in the 
catchment (Fig. 1) over a three-year period (which 
included the wettest year of this study). They 
showed that in years with average rainfall or less, 
overland flow in the catchment was less than 1% of 
annual rainfall, throughflow was up to 8% and 
Table 1.  1994–96 and long-term (30-year average) rainfall and potential evaporation (mm) at Keyneton.
J F M A M J J A S O N D Annual
Rainfall
1994 20 1462 8 119 18 27 25 29 22 5 304
1995 48 15 13 37 37 67 121 94 858 9 5 467
1996 47 83 010 10 132 84 80 73 53 15 7 549
Long-term
rainfall (mm)a
a Long-term rainfall and potential evaporation data from the Bureau of Meteorology
18 23 20 35 62 64 80 76 63 49 29 25 544
Potential evaporation
1994 183 139 149 81 50 21 40 44 68 100 101 168 1144
1995 150 126 95 47 20 16 9 21 47 66 98 112 807
1996 127 96 77 35 27 39 17 25 46 77 97 120 783
Potential
evaporation (mm)
139 108 97 53 30 23 26 32 49 73 89 119 838











groundwater recharge reached 20%. Thus gully 
drainage must be predominantly groundwater 
discharge with some throughflow. We therefore 
measured groundwater levels continuously in a 
piezometer located in the valley, using a capacitance 
probe and data-logger (Dataflow Pty Ltd; Fig. 1).
Water chemistry and loads
Water samples were collected on 53 occasions at all 
stages of flow (from rising limb to recession) by 
grab sampling from the centre of the stilling well 
when the gully was flowing across the weir. Samples 
were prepared and analysed as per Cox and Pitman 
(2001). Total chemical loads were calculated by 
multiplying the chemical concentration by the 
discharges between sampling periods, and then by 
integration of the load versus time curve. 
Results
Rainfall
In the first year of the trial, annual rainfall was 304 
mm (44% below average), but June rainfall was 
twice the average due to one exceptionally large 
rainfall event (61 mm/day). In the second year of 
the trial, there was 468 mm of rain, which was 14% 
below average. Unusually high falls (up to 30 mm/
day) were measured in January and February. The 
last year of the trial had the highest rainfall (548 
mm), although it was only about average; the 
wettest month was June.
Groundwater levels
Groundwater levels were lowest (about 394 m above 
the Australian Height Datum) in May of each year. 
Seasonal rises in groundwater levels were 1.2, 1.4, 
and 1.9 m each year, reflecting seasonal rainfall 
levels for the respective years.
Gully flows
Below-average rainfall in the first year resulted in 
relatively low flows (< 100 L/second), with one 
exception. The maximum flows occurred at the 
beginning of July, which corresponded to the 
highest daily rainfall event of that year (61 mm). 
Figure 1.  Location of catchment area, gully, weir, piezometer and 
overland ﬂow/throughﬂow plots (from Cox and Ashley 2000).199
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Total flow in the first year was 9.8 megalitres (ML) 
(2.3% of catchment annual rainfall). Annual gully 
flow (Flow) was well correlated with seasonal 
changes in groundwater levels (S, m; Equation 2). 
Flow = 3.87 × 106 e 0.877 .S, r2= 0.808  (2)
The impact of relatively high rainfall in January (48 
mm) and July (121 mm) in the second year could be 
seen in the change in flows. Two relatively high 
flows were recorded in January (230 and 120 L/
second); an extreme flow (710 L/s) was recorded on 
23 July in the second year. Total flow was 15.7 ML 
(2.4% of catchment rainfall). Total flow in the last 
year was 19.5 ML (2.5% of catchment rainfall). The 
maximum flow occurred on 14 March (640 L/s).
The low r2 values showed that, in general, there was 
no relationship between daily rainfall and daily flow 
over the three years [daily gully flow = 3.9 × daily 
rainfall (mm) + 15.1, r2= 0.138; daily gully flow = 
2.78× previous day rainfall (mm) + 17.4, r2 = 0.070] 
or between monthly rainfall and flow. However, the 
relationship between annual gully flow (Flow) and 
annual rainfall (P, mm) (3 measurement points 
only) was clearer:
Flow = 4.16 × 106 e 0.0028 . P, r2= 0.999 (3)
The data imply that even in very low rainfall years 
the storage capacity of the highly weathered regolith 
is exceeded and the excess water is discharged 
through the gully system.
Seasonal changes in electrical conductivity 
and acidity of the discharge waters
The gully water was generally alkaline (around pH 
8.5) but had slightly lower pH (about 8.3) in the 
wettest year. One rapid drop in pH (to 7.5) must 
have been due to a major volume of throughflow 
(fresh perched water) entering the gully, because it 
corresponded with the lowest electrical 
conductivity. At this time, discharge was high (310 
L/s). Large changes were measured in the electrical 
conductivity of the gully drainage waters between 
winter and summer each year. Electrical 
conductivity was high at the start of each season—
around 30 decisiemens per metre (dS/m)—but 
dropped to about 5 dS/m each winter. The electrical 
conductivity was lowest (2 dS/m) in the winter of 
the third year. Electrical conductivities generally 
tended to be lowest in the wettest winters and 
highest in the driest summers.
Chemical concentrations
Table 2 summarises the average total nutrient and 
chemical concentrations in gully flow. 
Concentrations of sodium (Na), magnesium (Mg), 
sulfur (S) and calcium (Ca) were always higher than 
those of other chemical species. Average Na 
concentrations in the first year were higher (2800 
mg/L) than Mg (317 mg/L), S (198 mg/L), Ca (103 
mg/L) or K (961 mg/L). This pattern was repeated 
each year. The average concentration of most 
contaminants was highest in the driest year (1994).
Table 3 is a summary of the annual loss (kg/ha/year) 
of chemicals in gully flow and shows that high 
chemical concentrations (Table 2) do not always 
mean high losses of these chemicals, because they 
can form during periods of low flow. The greatest 
losses of Na, Mg, S and Ca were 41, 4.5, 1.9 and 1.4 
kg/ha/year, respectively. The trends in losses of Na, 
Mg and Ca over time were similar to that of S, which 
shows that the processes leading to loss of these 
chemicals are similar.
Na losses were highly correlated with Mg 
(r2= 0.993), S (r2= 0.984) and Ca (r2= 0.804); the 
relationships between these parameters were similar 
in all years (Table 4).
Average phosphorus (P) concentrations were 
similar each year (0.9, 0.6 and 0.5 mg/L; Table 2). 
Annual P loss was low, 5–7 g/ha (Table 3), but 
concentrations were of environmental concern. P 
loss was usually very high during the most intense 
gully flows, but there was no significant relationship 200
Soil–environment impacts 
(P < 0.05) between P loss and gully flow. In contrast 
to the other nutrients, the average nitrate nitrogen 
(NO3-N) concentrations were clearly highest (0.6 
mg/L) in the driest year and lowest (0.1 mg/L) in the 
wettest year. Annual NO3-N losses were 2–10 g/ha. 
There was no relationship between daily NO3-N
loss and gully flow.
Discussion
Gully flow was very sporadic, with long periods of 
little or no flow. Some very high rainfall events 
caused high gully flow, but in general there was no 
relationship between daily rainfall and daily flow 
over the three years of monitoring. This was 
because most flow in the gully was groundwater 
discharge, with some throughflow. There are time 
lags between rainfall and the groundwater discharge 
and throughflow entering the gully. On one 
occasion, gully flow was due mostly to runoff 
(overland flow and throughflow) as groundwater 
levels were very low. Total annual gully flow 
(catchment discharge) was similar each year (2.3%, 
2.4% and 2.5% of rainfall) and reflected both the 
slight differences in annual rainfall and the annual 
change in groundwater levels.





Sodium 23.7 41.4 23.4
Magnesium 2.70 4.49 2.85
Sulfur 1.34 1.93 1.16
Calcium 1.32 1.22 1.35
Potassium 0.51 0.87 0.53
Phosphorus 0.005 0.007 0.005
Boron 0.006 0.011 0.007
Nitrate 0.010 0.009 0.002
Iron 0.008 0.013 0.03
Zinc 0.002 0.002 0.002
Aluminium 0.011 0.018 0.004
Manganese 0.0008 0.005 0.001





Sodium 2797.7 1985.6 2020.5
Magnesium 316.8 232.3 215.7
Sulfur 198.1 112.3 103.3
Calcium 102.9 90.9 91.9
Potassium 60.9 46.4 44.2
Phosphorus 0.94 0.59 0.53
Boron 0.61 0.65 0.44
Nitrate 0.57 0.30 0.11
Iron 0.15 0.09 0.11
Zinc 0.13 <0.05a
a Level of detection
<0.05a
Aluminium <0.05a 0.26 <0.05a
Manganese <0.05a <0.05a <0.05a
Table 4.  Relationships between sodium (Na) and magnesium, sulfur and calcium loads in gully discharge (g/ha/year).





























The gully drainage chemistry changed markedly 
over the three years of the study, partly due to the 
water pathways (groundwater recharge, 
throughflow and some overland flow) and water 
residence (lag) times. Changes in pH of the gully 
drainage were sometimes very rapid. In contrast, 
there was relatively little change in electrical 
conductivity of the gully drainage each winter. 
However, considerable changes were measured at 
the start of each winter season (probably due to the 
flushing and evaporation of salt) and at the end of 
winter (probably due to the concentration of salt).
Concentrations of Na, Mg, S and Ca were far higher 
than those of other contaminants. The loss of Na 
was one order of magnitude higher than the levels 
reported by Fleming and Cox (1998) for runoff 
from dairy catchments in the high-rainfall zone of 
the Mount Lofty Ranges, whereas Mg, S and Ca 
losses were similar. Mg, S and Ca behaved like Na; 
losses of these chemicals can be predicted with good 
accuracy from measurement of Na only.
P losses (5–7 g/ha/year) were two orders of 
magnitude lower than those reported by Fleming 
and Cox (1998) and Nelson et al. (1996) for grazed 
catchments in the high-rainfall zone of the Mount 
Lofty Ranges. The annual P losses were one order of 
magnitude lower than those reported in agricultural 
runoff in New South Wales by Costin (1980), or by 
Greenhill et al. (1983) in overland flow from 
perennial pastures in Victoria. P was always in the 
soluble form, probably because it does not enter the 
gullies as overland flow but moves through the soil 
(in both throughflow and recharge) into the gullies. 
Also, the hypersaline conditions probably cause 
flocculation of P, which attaches to colloids and is 
trapped in the gully (the gully sediments are high in 
P). P concentrations were about 100 times higher 
than those considered acceptable for the health of 
upland stream ecosystems (ANZECC and 
ARMCANZ 1999).
Conclusion
Gully discharge from the Keynes catchment in the 
Mount Lofty Ranges in low rainfall years was 
hypersaline and, just as importantly, had high levels 
of S, P, NO3-N and other elements. It is expected 
that in higher rainfall years, when overland flow 
causes erosion and scouring of the gully, losses of 
some of these contaminants will be orders of 
magnitude higher. Thus, if drainage systems are 
installed in discharge areas, they must be designed 
to regularly filter fine (solutional) contaminants in 
low rainfall years as well as colloidal material during 
(the less frequent) erosive events.
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